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CALCIUM METABOLISM 


C. P. STEWART anp G. H. PERCIVAL 
The Departments of Medical Chemistry and Pharmacology, University of Edinburgh 


Notwithstanding the increasing recognition of the importance of 
calcium in the animal economy and the large volume of literature dealing 
with the subject, our knowledge of calcium metabolism is still frag- 
mentary; not only are there many points on which no work seems to 
have been done, but the statements of different workers, especially 
those whose results were obtained before the introduction of accurate 
methods of micro-analysis, are often contradictory. A review of the 
literature such as is here contemplated will, it is hoped, make obvious 
those gaps in our knowledge, and by directing the attention of research 
workers to them, aid in their bridging. Of necessity many of the pub- 
lished papers on the subject have had to be omitted, though, so far as 
possible, the more important and suggestive have been referred to, and 
suffice, it is hoped, to indicate the known facts and the directions which 
must be taken by future work. 

That calcium plays an important part in almost all the bodily func- 
tions has long been recognised, and amongst the older physicians it was 
strongly emphasised by Parey (137), in whose writings reference is 
made to a possible relationship between the absence of calcium and the 
presence of malnutrition. The application of chemical methods of 
analysis to the study of calcium metabolism seems to have been made 
first by Schmidt (157), but it was not until the advent of micro methods 
of estimation such as that of Kramer and Tisdall (87), that much real 
progress was made, or, indeed, was possible. Doubtless, the relation- 
ships between calcium and the other inorganic substances present in 
living tissues are very complex, and the complexity is not diminished 
by the presence of organic ampholytes. Moreover, apart even from 
these obstacles to a clear understanding of the metabolism of calcium, 
there appear to be other less obvious factors to which at present we 
possess no clue. It is evident that in the case of calcium, we are still 
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far from being able to correlate completely the various experimental 
results and to employ them in giving a coherent and plausible account 
of the phenomena involved. 

THE ABSORPTION OF CALCIUM. Calcium salts, whether soluble or 
insoluble, appear to be absorbed with considerable difficulty. Even 
under the most favorable conditions, the ingested calcium is to a con- 
siderable extent lost in the feces, having apparently escaped absorption. 
Nevertheless, a certain amount is assimilated. Various estimates of 
this amount have been made, some from determinations of the amount 
required to prevent a negative calcium balance, and others, somewhat 
fallaciously, from determinations of the urinary output. Mason (108) 
and Albu and Neuberg (1) state that the adult man requires approxi- 
mately 0.4 gram of calcium per day. Sherman (159), while agreeing 
with this figure under certain conditions, finds that the assimilation of 
calcium depends on the protein intake, and recommends a diet con- 
taining 1.0 gram of calcium per 100 grams of protein for an adult man 
of 70 kilos—i.e., 0.45 gram of calcium with a maintenance diet con- 
taining 45 grams of protein. Inthe growing child, the amount per kilo 
body weight is naturally much greater, and Herbst (63) states that the 
normal child stores about 0.3 gram of calcium per day. On this basis 
the daily allowance for a child must be not only relatively, but actually 
greater than that for an adult. Even in a well-balanced diet, of course, 
calcium must be present in amounts much greater than these to allow 
for the low efficiency of absorption and 1.0 to 1.5 grams of calcium has 
been stated to be the average daily dietary requirement (1). 

Calcium is present in the diet both in organic combination—e.g., 
as calcium proteinate, soaps, etc.—and in inorganic combination as 
chloride, phosphate, bicarbonate, etc., and many efforts have been 
made to determine the relative availability of these forms of combina- 
tion. There is a certain amount of evidence in support of the view that 
calcium as proteinate is more readily absorbed than certain of the 
simpler calcium salts. Thus Givens (47, 50) found that ingestion of 
milk was found by a greater excretion of calcium in the urine than was 
the ingestion of an equivalent amount of calcium lactate. Gurther, 
Sherman and Hawley (161), and also McClugage and Mendel (113) 
showed that in children vegetables were inferior to milk as a source of 
calcium, though Rose (150) claims that in adults carrots form as good a 
source of calcium as does milk. Since, however, many factors other 
than the form of chemical combination have been found to influence 
the absorption of calcium, we are on surer—though by no means 
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absolutely safe—ground in comparing the absorption of different simple 
calcium salts than in comparing the availability of inorganic and com- 
plex organic salts. 

It has been claimed that calcium chloride is absorbed with much 
greater ease than calcium lactate (though even this salt undergoes some 
absorption). Mason (108) and Denis and Minot (36) report that 
calcium lactate failed to produce any increase in the calcium content 
of normal serum; Kramer and Howland (86) obtained similar results in 
rats, and Clark (23) in rabbits. Howland and Marriott (71) too, 
found that calcium chloride was more efficient than the lactate in the 
relief of tetany. That some absorption of the lactate does take place, 
however, is shown by the rise in the serum calcium when calcium lactate 
is fed to animals having a low initial value (36), and by the absence of 
active tetany in parathyroidectomised dogs fed on a meat diet with the 
addition of calcium lactate (99). The greater ease with which calcium 
chloride is absorbed is said to be shown by the greater increase in the 
serum calcium following its ingestion by normal animals (108). Sim- 
ilarly, Matz (109) found that in normal and tuberculous subjects inges- 
tion of inorganic calcium salts resulted in a rise in the serum calcium, 
the rise with the chloride being greater and more prolonged than with 
the lactate. That administration of calcium chloride produces, very 
often, a greater rise in the serum calcium than does administration of 
the lactate is beyond doubt, but that this proves the chloride to be more 
easily absorbed that the lactate is not at all so sure. To produce an 
appreciable rise with either salt a large dose is necessary, quite large 
enough to produce, in the case of the chloride, an acidosis. Now 
acidosis produced by the ingestion of ammonium chloride is accom- 
panied by a rise in the serum calcium, which, like that produced by 
ingestion of calcium salts, persists only for a short time (169). Thus 
the effect of calcium chloride ingestion is the sum of two effects—an 
increased calcium absorption which may or may not be greater than that 
produced by calcium lactate, and an increased serum calcium due to an 
acidosis. Thus Hjort (66) claims that calcium, whether given as the 
chloride, lactate, or glycerophosphate, definitely increases the serum 
calcium provided the doses are greater than 0.2727 gram of calcium 
oxide per kilo body weight, while with less soluble calcium salts the 
results are inconstant. Steenbock, Hart, Sell and Jones (164) go even 
further, for they found no difference in the availability of calcium 
lactate, carbonate, phosphate, silicate or sulphate, when these salts 
were fed to young rats in liberal amounts. These authors consider 
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that solubility in hydrochloric acid is an essential factor in determining 
the availability of calcium salts, for the contents of the small intestine 
remain acid for a considerable time and often throughout its entire length 
(98), (112), (142). This idea, which explains the absorption of calcium 
from salts which are insoluble in water or alkali, receives support from 
other workers. Thus Zucker and Matzner (189) found that in cases 
of active untreated rickets (in rats) the feces were alkaline, a condition 
unfavorable to calcium absorption; after cod-liver oil administration 
and simultaneously with clinical improvement, the intestinal contents 
became acid. This work has recently been confirmed (142). More- 
over, it has been shown (5) that in rickets the acid-secreting mechanism 
of the stomach is impaired, but improves in convalescence, whilst 
Lamb and Evvard (92) have found increased calcium retention in the 
pig following ingestion of lactic and acetic acids. 

Bergeim (10) has found an interesting relationship between calcium 
absorption and the sugar content of the diet. The absorption of cal- 
cium is appreciably increased when glucose, fructose, maltose or starch 
is added to make 50 per cent of the total diet, and is pronouncedly 
increased by addition of only 25 per cent of lactose. He attributes the 
effect to an increased formation of lactic acid in the intestine with, con- 
sequently, increased acidity of the intestinal contents, a condition 
which, as we have seen, appears to favor calcium absorption. Lactose, 
however, did not prevent the onset of rickets when added to a diet 
with a low vitamin-D content and a high Ca/P ratio. 

The assimilation of calcium is affected by many dietary factors. 
Very important is the balance of the mineral constituents of the diet. 
While a large excess of sodium chloride, or in general, of chlorion 
appears to be a distinct aid to calcium absorption (143), an excess of 
potassium (158), (188), magnesium (156), or phosphate (41), (73), (74), 
(116) is definitely detrimental. So great is the influence of these sub- 
stances, especially in the young growing animal, that a diet in which the 
phosphate is greatly in excess of the calcium, though both are far above 
the actual requirements, almost invariably leads to deficient bone 
formation and rickets. 

This influence of a large excess of phosphate is perhaps no more than 
would be expected when one considers the insolubility of calcium 
phosphate. That potassium should have a similar effect is not so 
obvious, but has been explained by Seemann (158), who states that the 
ingestion and absorption of excess potassium results in the excretion of 
the excess along with chlorine ions, that the resulting chloride want 














———_ rr Rr —_—— 

















Ore _—_— 








CALCIUM METABOLISM 287 


brings about a deficient secretion of hydrochloric acid in the gastric 
juice, and that with this abnormally low concentration of chloride in 
the digestive fluids calcium cannot be properly absorbed. Again, it 
will be noticed, the presence of a plentiful supply of acid is insisted on 
as a prime factor in aiding the absorption of calcium. In support of 
Seemann’s hypothesis, Zander (188) remarks that whereas in the case 
of healthy infants the mother’s milk contains sodium and potassium in 
the ratio of 2:1, in the case of rachitic infants the ratio may be 1:2. 
Excess of magnesium in the diet, besides interfering with the absorption 
of calcium, appears to prevent its proper utilisation, causing an in- 
creased urinary excretion, an effect similar to that of potassium on 
sodium (61). 

It has often been stated that the absorption of calcium is greatly 
aided by the addition of fat to the diet (e.g. 73), (62), and equally 
often it has been denied that fat has any such effect (e.g. 83), (152). Itis 
difficult to picture the mechanism of such a fat action, especially as it 
has been found that calcium soaps are not absorbed (64), (57)—an 
observation which would explain the finding of Givens (46) that poor 
utilisation of fats may prevent the storage of calcium even when the 
supply of that element is abundant. One would imagine that the 
presence of fatty acids in amount greater than usual would aid the 
formation of insoluble calcium soaps, and so depress the absorption of 
calcium in much the same way as excess of phosphate is known to do. 
These considerations, supported by the observation that only some 
fats, at any rate, were efficacious in improving calcium absorption 
(121), (168), naturally led to attention being turned to the vitamin 
content of fat as a possible explanation. McCollum and his co-workers 
(115) found, however, that cod-liver oil was equally effective whether 
administered fresh or after oxygenation for twelve hours whereby its 
content of vitamin-A had been entirely destroyed. Further, butter 
fat, though rich in vitamin-A, was one of those fats which did not 
greatly aid calcium absorption (121), (168). It was also found by the 
Aberdeen workers (73) that except in extreme cases, olive oil aided 
calcium absorption to the same extent as did cod-liver oil, and that 
linseed oil was equally effective. It was obvious, therefore, that the 
effects were not due to vitamin-A, and since they were apparently not 
due to the fat itself, it was necessary to postulate an antirachitic vita- 
min distinct from vitamin-A. More recent work, developing from the 
effect of ultra-violet irradiation, first of the animal itself, later of the 
whole diet, and then of otherwise inactive fats, has given great support 
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to this idea (65), (184). It has led to the view that certain fats contain 
a special anti-rachitic vitamin—vitamin-D—which is more resistant 
to oxidation than is vitamin-A (and so was not destroyed in McCollum’s 
experiments with cod-liver oil), is not necessarily present in large 
amounts in fats which are rich in vitamin-A (it is present in butter fat 
only in low concentration), and can be produced in many otherwise 
inactive fats such as olive oil by exposure to ultra violet light. It is now 
known that vitamin-D is a derivative of ergosterol or some closely 
related sterol (151). In the opinion of Bergeim (11) it acts by increas- 
ing, not so much the absorption, as the retention of calcium, for he 
found that in rachitic animals calcium was absorbed from the small 
intestine, only to be re-excreted into the large. He suggests that it may 
promote the breakdown of organic phosphates, increasing the inorganic 
phosphate of the blood, and thus leading to increased calcium deposition 
and lessened intestinal excretion. 

On the whole, the absorption of calcium seems to be governed by two 
main factors. One of these is undoubtedly vitamin-D, though it may be 
doubted whether its sole effect is that suggested by Bergeim. Since its 
administration to rachitic subjects has been shown to alter the intestinal 
pH from the alkaline to the acid side of neutrality, it may be—a matter 
on which experimentation is desirable—that the vitamin stimulates the 
secretion of hydrochloric acid in the stomach or inhibits the flow of 
alkali into the intestine. In this way vitamin-D would act by bringing 
into play the second controlling factor, the intestinal pH. 

In the stomach, where an ordinary mixed meal normally produces a 
copious flow of gastric juice and therefore of hydrochloric acid, there 
can be no doubt that in whatever form it is ingested, calcium will 
exist largely in theionised state. It is safe, too, to postulate that in this 
form calcium will be more readily absorbed than in undissociated 
compounds and especially insoluble or complex organic compounds. 
Now there are also present phosphate ions (principally HPO,” and 
H,PO,’), bicarbonate ions, and sulphate ions. As the pH approaches 
the neutral point, these ions will tend to combine with the calcium ions 
which, however, will remain free to a considerable extent so long as the 
pH remains below 7.0. On the alkaline side of neutrality, when the 
concentration of PQO,’” increases markedly, calcium will be largely in 
combination as tertiary phosphate, and to a lesser extent as carbonate, 
and will be precipitated. On this basis, one can readily understand the 
relatively greater absorption of calcium in the normal animal with 
slightly acid intestinal contents, as compared with the rachitic animal 
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with alkaline intestinal contents. Equally explicable become the 
favourable effects of excess chlorides, and the adverse effects of excess 
phosphate or magnesium sulphate (where the sulphate ion is probably 
partly responsible). 

Further, it is evident that the inconstant effects of the administration 
of calcium salts may be partly due to inattention to the time of feeding 
in relation to the ordinary meals—i.e., to the amount of hydrochloric 
acid available for their solution. Thus the greater absorption of cal- 
cium from milk than from calcium lactate may be due to the greater 
flow of gastric juice following the ingestion of the former protein con- 
taining foodstuff. The case of calcium chloride, as has already been 
mentioned is in a class apart, since its ingestion in large doses produces 
an acidosis which is itself responsible for part of the rise in the serum 
calcium. ; 

THE EXCRETION OF CALCIUM. It is usually supposed that calcium is 
excreted both by the kidney and through the epithelium of the large 
intestine, the greater part going by the latter route (73), (32). This 
view has been supported by Van Noorden (178) and by Grosser (56), 
who, avoiding difficulties of absorption by intravenous injection of 
calcium salts, demonstrated the presence of calcium in the bowels. 
Telfer (171), however, has suggested that the kidney supplies the sole, 
or at any rate the main excretory route for calcium, stating that he can 
find no evidence for excretion into the gut. His experiments on infants 
and young children show, he considers, that the greater part of the 
calcium excreted in the feces has been restricted throughout to the 
alimentary canal, and that the amount absorbed, less the small urinary 
output, is very nearly equal to the amount retained. Recently, 
Bergeim (11) has shown definitely that calcium is absorbed from the 
small intestine, and excreted into the large, and the present authors 
(170) have found by direct measurement that in cats the intestinal 
excretion is of the order of 0.2 mgm. per hour, and is about twice as 
great as the urinary excretion. Cushny (32) states that, generally 
speaking, an ion which forms a soluble salt with calcium causes the 
appearance of that element in the urine, while an insoluble combination 
tends to appear in the feces, and that the increased fecal and decreased 
urinary excretion of calcium caused by excess of phosphate in the diet 
is thus not wholly due to decreased calcium absorption. The fecal 
calcium, then, is a mixture of the unabsorbed surplus and re-excreted 
calcium, but since the relative amounts remain unknown, discussion of 
the voluminous literature dealing with the calcium content of the feces 
is of little profit. 
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Observations on the urinary excretion of calcium are abundant, but 
even here, many contradictions render it difficult to formulate a co- 
herent account of the factors influencing the elimination of calcium by 
the kidney. 

Nelson (127) in an analysis of 58 cases, finds that the amount of 
calcium excreted daily in the urine shows extreme variations, ranging in 
men from 0.416 gram to 0.489 gram, and in women from 0.228 gram 
to 0.265 gram. He quotes similar figures by other authors. Givens 
(47) records somewhat lower figures in nine individuals on ordinary diet, 
but when the calcium in the diet was increased the amount excreted in 
the urine approximated closely that found by Nelson. 

There appears to exist a certain degree of interdependence in the 
relative amounts of calcium and magnesium excreted in the urine, and 
the majority of workers seem to be agreed that under normal conditions 
the former element predominates (47), (127). On the other hand, some 
have found that the reverse condition holds (167) but in those experi- 
ments in which the quantities of calcium and magnesium in the diet are 
recorded, there has been an excess of magnesium ingested, so that, as 
might be expected, the relative amounts found in the urine are really 
dependent on the intake. Nelson and Burns (128), however, state 
that though either calcium or magnesium may be excreted by the 
kidney in the larger amount in the normal individual, whichever element 
predominates does so constantly and independently of the character of 
the food ingested. The addition of magnesium salts to the diet in 
human subjects (13) has been found to increase the urinary excretion 
of both calcium and magnesium, and Malcolm (109) obtained similar 
results in dogs. Mendel and Benedict (120) found increased elimina- 
tion of calcium in the urine to follow injection of magnesium salts, and 
conversely, injection of calcium salts to cause increased excretion of 
magnesium. Underhill, Honeiz and Bogert (175), however, were unable 
to confirm these results, and could find no reciprocal elimination of these 
elements in the urine following their administration; magnesium salts 
caused increased magnesium, but not calcium excretion, and vice versa. 

From observations on infants, Telfer (171) found that the adminis- 
tration of a high calcium diet produced a slight increase in the urinary 
calcium with a coincident diminution in phosphate, and that this 
decrease in urinary phosphate was still further augmented when the 
amount of fat ingested was limited. The explanation of this seemed to 
be that when the amount of fat was low the unabsorbed calcium com- 
bined with phosphate, which was thus prevented from being absorbed. 
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Potassium does not appear to influence, to any great extent, the 
excretion of other elements, though Miller (122) noted a slight temporary 
increase in the urinary calcium following the administration of potas- 
sium salts to rats. . 

Bogert and Kirkpatrick (14) found that base-forming diets caused a 
decrease in the urinary calcium and an increase in the fecal excretion, 


while the reverse was true of acid-forming diets. They state that 


though, on account of the different calcium contents of the two types of 
diet, comparisons are hardly justifiable, it is possible that base-forming 
diets cause a calcium retention. These results are borne out by those of 
several other workers (e.g., 42), (165) who are agreed on the detrimental 
effects of acid-forming diets on calcium retention and calcification in 
animals. Stehle (166) found an increased excretion of calcium in the 
urine after ingestion of hydrochloric acid by dogs, although in man there 
was no such effect. As, however, has already been pointed out, the 
diminished urinary output, especially in view of the increased fecal 
output, with base-forming diets may well have been due, not to an 
increased retention, but to a diminished absorption of calcium, and 
similarly an increased urinary excretion on an acid-forming diet may 
simply have followed an increased absorption, though perhaps part of 
the increase may have been due to excess chlorion excretion. 

THE FUNCTIONS OF CALCIUM. The most obvious function of calcium 
is, of course, the formation of bone, and indeed it is from studies of bone 
formation and especially of conditions leading to imperfect calcification 
that much of our knowledge concerning the absorption and metabolism 
of calcium has been derived. Yet we are far from possessing a full and 
complete knowledge of the processes involved in the transference of 
calcium from the blood to the growing bone. Freudenberg and Gyérgy 
(43) have suggested that the cartilage protein forms a compound with 
calcium by virtue of its acidic groups, that the resulting compound, 
having now a preponderance of basic groups, combines with phosphate 
ions, and that the calcium-protein-phosphate complex so formed breaks 
down with deposition of insoluble calcium phosphate and liberation 
of the original protein. The same authors have postulated a similar 
mechanism for the transference of calcium to tissues other than bone 
(44), and although their idea has been adversely criticised—e.g., by 
Liesegang (93)—it is supported by the experiments of Budde (19) who, 
using gelatin in vitro, claims to have demonstrated the consecutive 
uptake by protein of calcium and phosphate. Holt, LaMer and Chown 
(68) believe that blood serum is normally supersaturated with tertiary 
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calcium phosphate to the extent of more than 200 per cent, for on 
shaking serum with solid calcium phosphate there is deposition of the 
salt while the calcium and phosphate content of the serum decrease in 
equivalent amounts. No such deposition of calcium phosphate occurs 
when serum is shaken without the addition of the solid phase. They 
consider, therefore, that the tissues bathing the bone matrix, where solid 
calctum phosphate is present, readily give up their surplus and so 
enable the bone to grow. More light has been thrown on the matter by 
the researches of Robison and his collaborators (e.g., 146), (148). They 
hold that the bone and ossifying cartilage of young animals contain an 
enzyme—though not prior to the beginning of ossification (107)— 
which is capable of hydrolysing the hexose monophosphoric ester present 
in normal blood—particularly in the erythrocytes. Hexose mono- 
phosphate, they consider, combines with calcium, and the salt so formed 
is hydrolysed by the “phosphoric esterase’’ with deposition of calcium 
phosphate. They find that if strips of young bone, whether from 
a normal or a rachitic animal, are placed in a solution of calcium hexose 
phosphate at the correct pH, the bone grows through deposition of 
calcium phosphate. The theory of Robison has recently been criticised 
by Shipley, Kramer and Howland (113) who claim that the enzyme is 
unnecessary, since calcium and inorganic phosphate already exist in 
normal blood in amounts sufficient for the precipitation of calcium 
phosphate, and deposition of that salt takes place when slices of bone 
are immersed in solutions containing calcium and phosphate in concen- 
trations similar to those in blood. Robison points out, however, (147) 
that the results of Shipley, Kramer and Howland are equally explicable 
on the basis of his theory, that the concentrations of salt in their experi- 
ments were actually much higher than in blood since about 80 per cent 
of the blood calcium is unionised (129) and that, indeed, the solutions 
used were actually supersaturated with respect to calcium phosphate. 
(As will be seen later, the claim of Holt, LaMer and Chown that this is 
the case in blood serum cannot yet be accepted without reserve.) The 
existence of phosphoric esterase seems to be amply proved, and the 
evidence advanced by Robison is, in the opinion of the present authors, 
sufficient to justify the conclusion that it does play some part in the 
mechanism of ossification. 

The importance of calcium to the animal, however, is by no means 
confined to the building up and maintenance of the bony framework. 
Calcium is present in every normal cell, and though it appears to be 
possible for a cell to live for some time in the complete absence of 
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calcium (insofar as any element can be said to be completely absent), 
the element is necessary for normal functioning. The demand of the 
soft tissues for calcium is shown by the fact that even in adults, con- 
tinued absence of calcium from the diet may lead to withdrawal of 
calcium from the bones and their consequent softening (33). Many 
investigations have been undertaken with the object of demonstrating 
or explaining the necessity of calcium, and many curious and interesting 
facts have been brought to light. It was early found that more than 
the maintenance of a definite osmotic pressure was necessary for the 
continuance of normal cell life. Besides isotonicity there was necessary 
in the fluids bathing the living cells, or with which isolated organs were 
perfused, the presence of definite ions, and more, the presence of these 
ions in very definite proportions—the solution of salts must be “‘phy- 
siologically balanced.’’ The isolated frog’s heart, for example, sur- 
vived much longer, and worked more efficiently, when the fluid con- 
tained calcium than when sodium chloride was present alone, and the 
contractions became much more nearly normal when potassium chloride 
was also added. On the other hand, the effect of potassium salts on the 
isolated heart or on skeletal muscle was neutralised by the addition of 
traces of calcium salts. Here we have an example of “ion antagonism.” 
Meltzer and Auer (119) give another example of the same phenomenon 
when they observe that the toxic effects of large doses of magnesium 
salts can be removed by injections of calcium salts. Loeb’s suggestion 
(96) is that calcium is not directly essential for life, but that the various 
ions neutralise one another’s toxic effects. Loeb found that the ferti- 
lised eggs of Fundulus develop equally well in sea water or in distilled 
water, but that they will not develop in solutions of pure sodium chlo- 
ride, potassium chloride, or calcium chloride isotonic with sea water. 
When, however, the tonicity remaining constant, calcium chloride is 
added to the solution of sodium chloride, the eggs live for a longer time, 
and when potassium chloride is also added, a nearly non-toxic solution 
is obtained and the eggs develop at arate approaching the normal. The 
mixed solution is near the physiological balance when the ion antago- 
nisms overcome the individual ion toxicities. This explanation marks a 
certain advance in our understanding of the need for the various ions, 
but we still need to know how the various ions antagonise each other, 
and in what their toxicity consists. To the latter question the experi- 
ments of Loeb and of Osterhout (134) among others seem to reply that 
the toxicity is in some way connected with an increased permeability of 
the cell walls. The antagonism of the ions has been explained by Loeb— 
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since it is found among the anions as well as among the cations—as 
due to a maintenance of an equilibrium among the various protein salts. 
A calcium chloride solution is toxic because, with increased permeability 
of the cell walls to calcium ions—due to their preponderance in the sur- 
rounding fluid—more calcium ions enter the cell and an excess of cal- 
cium proteinate is formed, the properties of the protoplasm being 
thereby modified. However this may be, it is certain that for maximal 
furtherance of the vital activities a correct balance of the various 
inorganic ions is no less necessary than a correct osmotic pressure, and 
that calcium is a factor in maintaining this balance. 

Evidence of an interesting function of calcium is found in the work of 
Telfer (171). He finds that in infants, 20 to 30 per cent of the calcium 
intake is normally found in the feces in the form of soap, and that when 
the intake of calcium is reduced, diarrhea ensues with diminution of 
calcium soaps and increase of free fatty acid in the stools. Adminis- 
tration of calcium stops the diarrhea and, provided an adequate amount 
of fat is present, the fecal calcium rises. The calcium soaps, he con- 
cludes, have a regulating action on the bowel, and control fecal weight 
not only in virtue of their own weight, but on account of their power of 
occluding and incorporating other constituents of the intestinal con- 
tents. The decrease in the calcium soap content of diarrheal stools and 
the restoration to normal following ingestion of calcium carbonate has 
been observed by Holt, Courtney and Fales (67), and the converse, that 
the presence of excess of calcium soaps may be a cause of severe con- 
stipation in young infants on a diet of unmodified cow’s milk has been 
stated by Bosworth, Bowditch and Giblin (16). 

Mention may be made here of the suggestion which has more than 
once been advanced that calcium plays some important part in the regu- 
lation of the blood—and presumably also the tissue—pH. It is, of 
course, difficult to say whether calcium has any function in this respect 
over and above that of any other ion, but it is certain that quite con- 
siderable variations in the serum calcium are produced in response to 
factors tending to alter the blood pH. Thus Stewart and Haldane 
(169), who quote similar results by other workers, found an immediate 
rise in the serum calcium in response to ammonium chloride ingestion 
and to carbon dioxide inhalation—both of which tend to lower the 
blood pH—while an alkalosis produced by ingestion of sodium bi- 
carbonate was accompanied by a lowered serum calcium. Paasen 
(136) states that the concentration of calcium ions in the serum is given 
by the equation shown at top of following page. 
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where K = 350, and a similar equation has been put forward by Rona 
and Takahashi (149), on the basis of physico-chemical measurements 
of various mixtures of calcium salts and bicarbonates. Warburg 
(181) has recently recalculated the constants for plasma in Paasen’s 
equation in the light of Bjerrum’s theory of ionic equilibrium, and gives 
Kis = 515 and Ks, = 275. In this view, while it is uncertain whether 
or not plasma is normally saturated with Ca’, it is improbable that it 
is supersaturated. Brinkman (17) also states that the concentration of 
calcium ions in the blood depends on the pH and the bicarbonate reserve. 
These statements, however, have been combated by Meysenberg and 
his co-workers (126), who found that variations in the degree of carbon 
dioxide saturation of the serum were without effect on the content of 
diffusible calcium, and that in rickets and tetany the ratio between total 
and diffusible calcium was within normal limits, although the carbon 
dioxide combining power of the blood was abnormal. This view is 
perhaps supported by the results of Cantarrow, Caven and Gordon 
(21) who found that the rise in the serum calcium following adminis- 
tration of the parathyroid hormone was without effect on the carbon 
dioxide combining power of the blood or the chlorine content of the 
plasma. More evidence, however, in favor of the idea that there exists 
a close connection between pH and calcium concentration in the blood 
is afforded by the finding of Allers and Bondi (2) that it was possible, by 
feeding moderate doses of hydrochloric acid, to raise the serum calcium 
to twice the normal level, though Givens (48), on the other hand, found 
only a slight increase in the urinary calcium following administration of 
hydrochloric acid, and concluded that “if calcium plays any réle at all 
as a neutralising agent in the acidosis provoked by introduction of a 
mineral acid it is at best a very small one.”’ He considered ammonia 
to be the chief neutralising agent, and in this he was supported by 
Lamb and Evvard (92) who, following ingestion of 300 cc. of normal 
sulphuric acid, found an increase in the urinary calcium sufficient to 
account for only 25 cc. of the acid, while there was increased ammonia 
and decreased urea excretion. There was, however, increased fecal 
excretion of calcium, probably, they state, as sulphate. These experi- 
ments seem to the authors to be insufficient to justify Givens’ conclu- 
sion. It must be borne in mind that the urinary excretion of calcium 
affords at best a poor criterion of the changes in the blood since, as has 
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been shown, the major part of the excreted calcium is eliminated by 
way of the large intestine. Lamb and Evvard do take this factor into 
account, though not quantitatively; Givens ignores it. 

One important function of calcium is to aid in the coagulation of shed 
blood. Several explanations have been offered of the mechanism of 
blood clotting, and they differ in (inter alia) the réle assigned to calcium. 
According to the theory proposed independently by Morawitz (123), 
(124) and by Fuld and Spiro (45) and later strongly supported by the 
work of J. Mellanby (118), fibrinogen is converted by the action of 
thrombin to insoluble fibrin which, entangling the corpuscles, forms the 
clot. Thrombin does not exist in the blood as such, but is formed when 
blood is shed by the combined action of calcium and thrombokinase on 
prothrombin. Mellanby showed that the action of calcium is specific 
since, although salts of metals in the same group (magnesium, strontium 
and barium) will, in the presence of thrombokinase, convert prothrom- 
bin into thrombin, none of them compare in potency with calcium. 
Incidentally, he found that increase of the calcium concentration 
beyond a certain point lengthened the coagulation time just as did the 
diminution of the calcium concentration, the effect being more partic- 
ularly clear when the minimum amount of thrombokinase was present. 
Howell (70) differs from these authors in several particulars, and 
amongst them in believing that prothrombin is converted to thrombin 
by the action of calcium alone. 

The precise influence of calcium on the individual organs of the body 
is somewhat difficult to determine since, unless it is supplied to the 
tissues under investigation along with sodium and potassium, changes 
due to the absence of the latter elements render the results difficult of 
interpretation. On the heart muscle, calcium appears to exert a tonic 
influence, the contractions becoming more forcible and relaxation less 
complete when the perfusing fluid contains an excess of calcium, while 
toxic amounts cause the heart to stop in systole (145). If calcium is 
excluded from the perfusing fluid the heart stops in diastole, but it is 
said that it continues to consume glucose (95), and that the electrical 
charges remain strong (94). It would thus appear that calcium may be 
in some way connected with the utilisation of chemical energy for the 
production of contraction. Lack of calcium has been suggested as an 
explanation of the greatly increased excitability of striped muscle which 
occurs in tetany. Calcium figures prominently in the physiology of 
the conduction of nerve impulses, and it is said to be necessary for the 
transference of impulses at the neuromuscular junctions (95) and 
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through synapses (135). In excess, it exerts a paralysing action similar 
to that of curare, and its removal is said to increase the irritability of the 
terminations of the autonomic nerves in mammals (32). It has been 
reported, however, that the vagus forms at least one exception to this, 
losing its inhibitory action when the heart is perfused with calcium-free 
fluid (69). Intravenous infusion of soluble calcium salts, besides acting 
on the cardiac musculature, causes a constriction of the blood vessels, 
and a marked contraction of the pupil which may be completely de- 
veloped when no other signs of calcium intoxication are yet evident. 
(4). The myosis is apparently due essentially to a stimulation of the 
muscle of the constrictor of the pupil, since response to light and other 
mydriatic influences is lost. In general it may safely be stated that 
calcium is necessary for the contractility of both plain and striped 
muscle and for the conductivity and irritability of nervous tissues. 
In this connection the following interesting phenomena which occur in 
the human subject as well as in animals may be cited. The constancy 
of the serum calcium in mammals is well known, but nevertheless, wide 
variations from the normal can exist without apparent interference with 
the functioning of certain delicate organs. Thus in infantile tetany © 
and tetania parathyreopriva, a 40 per cent diminution in the serum 
calcium is present before any symptoms directly attributable to the 
calcium lack are observed. These symptoms are due to hyperexcit- 
ability of the peripheral nerves, and are usually unaccompanied by any 
signs of cardiac inefficiency or of disturbance of the central nervous 
system. On the other hand, a 50 per cent increase in the serum cal- 
cium, such as occurs in osteitis fibrosa, may be unaccompanied by any 
symptoms whatever, apart from the local bone condition. 

It has been stated (22) that intravenous or subcutaneous injection 
of calcium chloride in animals partly or completely inhibits the pleural 
effusion produced by iodide administration, and that it prevents the 
development of edema and inflammation of the conjunctiva after the 
instillation of brucine. For these reasons its use has been recom- 
mended in man to hasten the reabsorption of pleural effusions and 
exudates, but in the few cases in which it was used by one of the present 
authors (G. H. P.) there was no apparent benefit. 

THE CALCIUM CONTENT OF BLOOD. Very wide variations are found 
in the figures given for the calcium content of whole blood, serum, 
plasma, and corpuscles. To no small extent this is due to the different 
methods which have been employed for its estimation, for few of the 
older methods were trustworthy, and some even of the more recently 
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published ones must be regarded with some suspicion. The methods 
available for the estimation of calcium in blood are of all types, gravi- 
metric, colorimetric, nephelometric, volumetric, and even, in one case, 
the simple counting of particles of precipitated calcium oxalate. In 
the experience of the present authors, the method of Kramer and Tisdall 
(87) has hitherto proved the most reliable, and to be capable of yielding 
results with a maximum error—given only ordinary care—of 5 per cent 
and an average error of only 2 per cent. With special care it is possible 
to reduce the error stillfurther. As applied to blood serum, the method 
consists in precipitating the calcium directly from 1 to 2 ce. of serum by 
means of a saturated solution of ammonium oxalate, collecting and 
washing the precipitate by centrifuging, and finally titrating, in pres- 
ence of sulphuric acid, with potassium permanganate. To obtain 
uniformly accurate results, however, a slight modification of the original 
method is necessary. Kramer and Tisdall allow only 30 minutes for the 
precipitation of the calcium oxalate, whereas Pincussen and Schim- 
melpfeng (141) have recently shown that only after twenty-four hours’ 
standing can one be certain that the whole of the calcium present in 
the serum has been precipitated. The recently published method of 
Trevan and Bainbridge (173) appears to yield results which are at 
least equally satisfactory. In this method, the calcium oxalate, pre- 
cipitated as described by Kramer and Tisdall, is converted to the 
carbonate by heating, the calcium carbonate is dissolved in standard 
acid, and the excess acid titrated with alkali by means of a micrometer 
burette. 

Marriott and Howland (106), while advocating that for purposes of 
comparison estimations of calcium should be carried out on serum rather 
than on whole blood, have stated that there is practically no calcium 
present in‘the corpuscles, and they base this conclusion on their finding 
that whole blood contains approximately only half as much calcium as 
does serum. As the result of subsequent work by several authors, 
however, this statement has been challenged. Cowie and Calhoun 
(29) report the presence of calcium in the red corpuscles of man in con- 
centrations only somewhat smaller than in the serum, while Jones (77) 
gives figures ranging from 5.0 to 8.7 mgm. per 100 cc. for the calcium 
content of the corpuscles of infants and young children. 

Normal figures for whole blood are given by Lyman (100) as 6.1 mgm. 
per 100 cc. for males, and 7.1 mgm. for females; by Kramer and Tisdall 
(88) as 5.3 to 6.8; by Alport (3) as 5.8; by Jones (77) as 8.8; and by 
Jones and Nye (78) (for children) as 9.4. 
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Mazocco (110) states that the calcium content of the plasma is 
practically identical with that of the serum, and Halverson, Mohler 
and Bergeim (59) confirm this statement. Unpublished experiments 
by the present authors, however, show that in true plasma, obtained by 
rapid cooling and centrifuging of blood drawn under paraffin, the 
concentration of calcium is 10 to 15 per cent higher than in the corre- 
sponding serum. Koechig (84) gives values for the plasma calcium 
ranging from 9.5 to 11.0 mgm. per 100 cc., and Jones (77) gives 12.3 
mgm. 

It is now generally recognised that on account, inter alia, of the 
variability of the corpuscle volume, figures obtained from an analysis 
of whole blood are of little value for purposes of comparison, and that 
estimation of the serum calcium affords the most reliable data. It is 
not proposed to deal with the widely diverging figures found for the 
serum calcium before the introduction of satisfactory methods of 
analysis. Among those published in recent years the range of variation 
is much less. Thus Lyman gives 9.0 to 12.0 mgm. per 100 ce. as the 
normal range, (78)»*and Matz (109) gives 10.0 as the average value. 
Among other results obtained by the use of the Kramer and Tisdall or 
similar methods, those authors (87) record ten normal sera containing 
9.5 to 10.5 mgm. calcium per 100 cc., with six between 9.5 and 10.0 
mgm.; Kramer and Howland found seven normals to lie within a range 
of 9.3 to 9.9 (85); while the present authors (139) from eight normal 
cases, obtained results ranging from 9.4 to 9.9. Watchorn (183) gives a 
higher figure, but here too, the range, 10.0 to 10.8, is small. The 
variations, though much reduced by the use of a reliable method, are 
not entirely eliminated, and the authors (139) have accordingly urged 
the inclusion in every publication on the subject of a series of determina- 
tions on normal sera. Without such a guide, it becomes, in dealing with 
physiological or pathological variations from the normal, very difficult 
to compare the results of one author with those of another and to esti- 
mate the validity of the conclusions drawn from them. 

Calcium is supposed to be present in the serum in three forms; part in 
the ionised state, part in unionised but diffusible or dialysable form, and 
part in unionised, undiffusible combination. By filtering ox-serum 
through a collodion membrane, Cushny (34) found that the filtrate 
contained the whole of the sodium and potassium, but only about 60 
per cent of the calcium. The remainder of the calcium, he concluded, 
was present in some non-diffusible form. Cameron and Moorhouse 
(20) obtained a similar result, that about 53 per cent of the plasma 
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calcium is diffusible through a normal] animal membrane, on the assump- 
tion that the calcium content of the cerebrospinal fluid represents the 
diffusible calcium of the plasma. It has been suggested that the 
amount of ionised calcium must be constant in order to conserve the 
osmotic relationships between the blood and the tissues, and much 
confusion has arisen from the idea that the diffusible calcium was 
identical with the ionised calcium. Electrometric determinations (129) 
have shown that only 10 to 20 per cent of the serum calcium exists in 
the ionic state and this value has been confirmed by a method depending 
on the solubility product of calcium ions and oxalate ions (18). Appar- 
ently the amount of diffusible calcium is by no means constant, for 
Vines (179) gives examples—certainly of diseased conditions—of sera 
in which the total serum calcium is normal though the “active’’ or 
diffusible part is reduced by half. 

Certainly the methods for the determination of the diffusible calcium 
are very unsatisfactory, and conclusions drawn from them can be valid 
only when the variations are of a gross character. The methods of 
dialysing the serum against distilled water (125), or a solution of 
known calcium concentration (31), (177) are slow, and for various 
reasons, such as the disturbance of the equilibrium between the dif- 
fusible and non-diffusible calcium compounds, and the existence of a 
Donnan equilibrium, cannot be expected to yield results of a very high 
degree of accuracy. The method of collodion filtration (34), (125), 
(130) is also open to these objections, and further the results may be 
affected by the time of filtration (140) and by the pressure employed, 
since any labile calcium-protein compound may be decomposed under 
a high pressure. Thus whereas Cushny (34), filtering under an addi- 
tional pressure of 150 mm. of mercury found 60 to 70 per cent of the 
total calcium to be filterable, Richter-Quittner (144), employing still 
lower pressures, found only 5 to 7 per cent of the total calcium in the 
filtrate. Greenwald (52) believes that much of the diffusible calcium 
exists as a compound similar to, but not identical with, calcium citrate. 

Interesting papers dealing with the form in which calcium exists in 
the blood have recently been published by Holt, LaMer and Chown 
(68). These authors consider that blood serum is normally super- 
saturated with Ca;(PO,). to the extent of more than 200 per cent. On 
shaking serum with solid calcium phosphate there is a reduction of the 
serum calcium from 10.0 to 1.8—-2.5 mgm. per 100 ec., and in inorganic 
phosphorus from 3.5 to 1.5-2.1 mgm. with precipitation of tertiary 
calcium phosphate. No such reduction or precipitation takes place in 
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the absence of the solid phase. They explain the supersaturation as 
due to the sudden change during absorption from the acid reaction of 
the small intestine to the alkaline reaction of the blood, a change which 
produces PO,’” from H:PO,’ and HPO,’’, with consequent formation 
of Cas(PO,)2 at a rate much greater than it can be precipitated. Green- 
wald and Gross (53) appear to accept the experimental results of Holt, 
LaMer and Chown, but believe that the calcium phosphate is kept in 
solution—perhaps by actual combination—by a substance which is 
either the parathyroid hormone itself or is produced through the 
agency of the hormone. It is this substance which Greenwald (52) 
considers to be similar to, but not identical with, citric acid. It appears 
to the present authors, however, that the idea of the supersaturation 
of the serum with calcium phosphate must be accepted with reserve. 
Holt, LaMer and Chown appear not only to have underestimated the 
complexity of the ionic equilibrium, and especially the effect of the 
bicarbonate ions, but also to have ignored the fact that part of the 
blood calcium is in combination with protein. R. F. Loeb (97) con- 
siders that his experiments on the diffusibility of calcium in solutions 
of crystalline egg albumen, or of serum globulin, and in human serum, 
indicate the presence of complex calcium-protein ions such as Northrop 
and Kunitz (131), (132), (133) have shown to exist in the case of zine, 
potassium and lithium. | 

Halverson and Bergeim (58) found the calcium content of the cerebro- 
spinal fluid to range from 4.8 to 6.0 mgm. per 100 cc., and repeated 
drainings failed to influence this value. Critchley and O’Flynn (30) 
consider that the calcium content of the C. 8. F. is very constant in 
human subjects, and ranges from 6.0 to 7.0 mgm. per 100 cc. Cameron 
and Moorhouse (20) record similar values, and assume that the calcium 
present in the cerebrospinal fluid represents the diffusible calcium of the 
plasma. If this assumption is correct, it argues a similar distribution of 
calcium in the plasma and serum, a point on which there seems to be no 
direct evidence. 

Uyeno (176) has estimated the calcium content of the amniotic 
fluid, and is of opinion that it is almost constant, with an average 
value of 11.0 mgm. per 100 ce. 

PHYSIOLOGICAL VARIATIONS IN THE SERUM CALCIUM. Lyman (100) 
reports a sex variation in the calcium content of whole blood, his 
figures being 6.1 mgm. calcium per 100 ec. blood for males, and 7.1 
mgm. for females. These results, however, do not seem to have been 
confirmed, and they receive no support from the present authors’ deter- 
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minations of the serum calcium in a series of dermatological cases 
(139). 

Age is said to influence the serum calcium which, according to Jansen 
(75) increases during the suckling period and thereafter undergoes a 
gradual diminution which continues throughout adult life. The 
serum calcium is thus highest during the period of calcium storage. 
The work of Jones (77) supports this to some extent, for she found that 
the plasma calcium is highest during the first few days of life, and it 
has further been reported (117) that in cows the plasma calcium grad- 
ually decreases during the first year of life and thereafter remains 
constant. Marriott and Howland (105), however, find very little 
difference between the serum calcium of infants and that of adults. 
Jones (77) obtained the curious result that, although the plasma cal- 
cium is higher during the first few days of life than subsequently, the 
calcium content of the whole blood and of the corpuscles is lower, a 
result confirmed by Jones and Nye (78). 

In 1908, Bell (8) observed a rise in the serum calcium just before 
menstruation, this rise being followed by a marked fall. Later work, 
however, fails to confirm this (160), (186). 

The best attested alteration in the serum calcium occurs during 
pregnancy, and is doubtless due to the drain on the maternal tissues 
to meet the growing demands of the fetus, a demand which increases 
from 0.006 gram per day during the first four months of gestation to 
over 0.6 gram per day at term (16), and may average 0.1 gram per day 
over the whole period (49). Corresponding to this rapidly increasing 
fetal requirement, the calcium in the maternal serum tends to fall, as 
Mazzocco and Moron (111) have shown in the following series of cases: 


mgm. Ca per 
100 cc. serum 


10 healthy non-pregnant women.................2.-0.eceeeeeeeeee 9.19 
ND ccc crsctobeseseccescsececeess 8.79 
el i. ck techoabenet ne csueceesshevesccn 8.77 


Similarly, Bogert and Plass (15) found that the average calcium con- 
tent of the serum was 9.1 mgm. per 100 cc. for 23 women at the time 
of labour, and 10.2 for 12 normal non-pregnant women. Widdows (187) 
states that the serum calcium falls during the last month of pregnancy 
and shows a tendency to rise after confinement and during the early 
stages of lactation. De Wesselow (185) and Krebs and Briggs (90) 
have also reported low serum calcium values during the later stages of 
pregnancy, and Kehner (79) obtained a similar result for whole blood. 
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In rabbits, McIsaacs (114) finds a sudden fall in the serum calcium a 
few days before parturition; the fall is followed by a rapid recovery to 
normal, and a second rapid fall—again with an equally rapid recov- 
ery—during lactation. There is, however, no unanimity, for Jansen 
(75) and others (35, 174) say that the blood or serum calcium remains 
normal throughout pregnancy, while Bell and Hicks (9) and Lamars 
(91) find the serum calcium to be high just prior to labour. Harding, 
(60) summing up the position, thinks the balance of evidence shows that 
there is a slight decrease in the serum calcium during the later stages of 
pregnancy, a conclusion which is in accord with the results of Vignes 
and Coisset (179) that in guinea pigs there is progressive decalcification 
throughout the period of gestation, and with those of Sherman and 
MacLeod (162) that in female rats a distinct lowering of the percentage 
of calcium in the body occurs as the result of suckling. 

FACTORS CONTROLLING THE CALCIUM CONTENT OF THE SERUM. At 
one time or another, almost all the endocrine organs have been stated 
to possess a controlling influence over calcium metabolism. The 
loss of calcium in hyperthyroidism and in diabetes has been held to 
show a direct control by the thyroid and pancreas. The excessive 
bone formation in acromegaly and in eunuchism is considered evidence 
of the influence of the pituitary and the gonads. Battaglia (7), on 
the strength of some good results in the union of fractures with ad- 
renalin and calcium lactate administered orally, claims the adrenals as 
controlling the mobilization of salts. It has been suggested (139) 
that the disorder of calcium metabolism found in diabetes is due, not 
directly to the pancreatic failure, but to the accompanying acidosis, 
so that the pancreas need not be invoked as the deity presiding over 
calcium metabolism. Further, it is evident that any factor causing 
increased growth will also cause an increased demand for calcium, so 
that the pituitary, thyroid, and gonads in all probability act merely 
indirectly. In Battaglia’s experiments, one may be permitted to doubt 
whether the adrenalin ever reached the blood stream. 

The case of the parathyroids is on a different footing. Mainly on 
account of the very low serum calcium found after parathyroidectomy, 
it used to be stated categorically that calcium metabolism is controlled 
by the parathyroids. Much evidence can be brought forward in support 
of such a view. In tetania parathyreopriva, there is no doubt that the 
serum calcium is abnormally low. MacCallum (102) showed that 
administration of calcium salts decreased the symptoms of post- 
operative tetany, and his observation has since been amply confirmed 
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(20), (55), (85), (87), (99), (105), (139), while Salvesen (154) claims 
that the beneficial effect of milk in such cases is due to its calcium con- 
tent. Trendelenburg and Goebel (172) state that in tetania parathy- 
reopriva it is the diffusible rather that the ‘inactive’ calcium that is 
decreased, and this conclusion is supported by Salvesen and Linder 
(155). In agreement with these results,—on the assumption that the 
parathyroid is the controlling body—the present authors (140) have 
shown that administration of parathyroid extract to normal subjects 
raises the diffusible calcium of the serum relative to the total. 

Since Koch (81), (82) isolated methyl guanidine from the urine of 
parathyroidectomized dogs, much work has been done, largely by Noel 
Paton and his collaborators (e.g., 138), to show that tetania parathy- 
reopriva is due, not to a calcium deficiency, but to an excess of guanidine 
derivatives in the blood. 

Whether or not the calcium deficiency is the direct cause of the tetany, 
there can be no doubt of the characteristic effect on the serum calcium 
of removal of the parathyroids, and the present authors are of opinion 
that these bodies do control the concentration of calcium in the blood. 
So far as the genesis of the tetany is concerned, it is well established that 
this condition, following parathyroidectomy, is relieved by adminis- 
tration of calcium salts. MacCallum and Vogel (103) found that per- 
fusion of blood from an animal in tetania parathyreopriva through a 
normal amputated leg caused hyperexcitability of the nerves in that 
leg; addition of calcium salts to the perfusing blood abolished the hy- 
perexcitability, whereas addition of parathyroid did not. Such a 
result one would expect if the tetany were due to calcium lack, but not 
if its function was to detoxicate some substance such as guanidine, for 
the parathyroid hormone could not, of course, restore the lost calcium. 
Later, MacCallum, Lambert and Vogel (101) obtained hyperex- 
citability of the nerves in an amputated leg by perfusing blood which 
had been dialysed against calcium and phosphate-free fluid, but not 
when the blood had been dialysed against a fluid containing calcium. 
They therefore concluded that the hyperexcitability, which was quite 
like that observed in tetany, was due to the lack of calcium. Indeed, 
as early as 1904, Sabatini (153) had observed that substances which 
reduced calcium caused increased irritability. Howland and Marriott 
(106) found that in infantile tetany, as in tetania parathyreopriva, the 
serum calcium was markedly lowered, and that symptoms of tetany 
could be produced by oral or intravenous administration of sodium 
bicarbonate (which has been shown to lower the serum calcium (169)). 
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This result was confirmed by Kramer, Tisdall and Howland (89), 
while Binger (12) obtained tetanic symptoms and a low serum calcium 
by injection of alkaline phosphates (cf. also Jeppsson and Klercher, 76). 
Greenwald, who failed to find any toxin in the blood of animals suffer- 
ing from tetania parathyreopriva, considered that 


there are two and only two well authenticated metabolic changes after para- 
thyroidectomy. One is the lowered calcium content of the serum or plasma, and 
the other is the diminished excretion of phosphates in the urine (51). 


His own experiments led him to reject, in the absence of further evi- 
dence, the idea that tetany is due to guanidine intoxication. Similarly, 
Collip and Clark (27) could find no evidence of guanidine antagonism 
to the parathyroid hormone, and indeed, Dragstedt, Phillips and Sudan 
(39) amongst others have shown that the symptoms of guanidine 
intoxication are not identical with those of tetania parathyreopriva. 
Moreover, even in tetany produced by guanidine intoxication the 
serum calcium is lowered. Watanabe (182) found that a large dose of 
guanidine produced a somewhat delayed fall in the serum calcium, while 
with repeated small doses the calcium rapidly fell to half the normal 
value. 

Dragstedt and his co-workers (37), (38), (39), (40), (40a) however, 
incline to the belief that although the lowering of the serum calcium 
which undoubtedly follows parathyroidectomy may increase nervous 
and muscular irritability, tetania parathyreopriva is of toxic origin. 
On this basis they explain the relief or prevention of tetany in para- 
thyroidectomized animals by injection of Ringer’s solution, strontium 
containing Ringer’s solution, or 0.9 per cent sodium chloride solution, 
or by ingestion of kaolin or a meat-free diet together with lactose or 
galactose and milk (a diet which, it may be noted, contains an abun- 
dance of calcium in a readily assimilable form, whilst the presence of 
sugars and especially of lactose has been shown by Bergeim to aid 
calcium absorption). The question of the genesis of tetany has recently 
been fully discussed by Dragstedt (38a), and need not detain us here, 
where it is desired merely to show that (whatever other functions they 
may possess) the parathyroids possess a control over the concentration 
of calcium in the blood. 

Although this view is supported by the evidence derived from the 
study of tetany and the results of parathyroidectomy, it is considerably 
strengthened by the work of Collip (24), (25), (26), (28), who found 
that oral or intravenous administration of an active extract of the 
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parathyroid was able to cure or prevent tetany in parathyroidectomized 
dogs, the serum calcium being restored to or remaining at normal levels. 
Not only was this the case, but administration of the extract to normal 
dogs raised the serum calcium above normal to an extent so nearly 
proportional to the dose as to afford a means of standardization. By 
repeated injections of the parathyroid extract the hypercalcemia could 
be maintained (and might be fatal). The present authors (139) have 
found it possible in certain cases to maintain the calcium content of the 
human serum at a level above normal by oral administration of para- 
thyroid. 

It seems, then, that it must be admitted that the parathyroids do exert 
a control over the calcium content of the blood, and it remains to en- 
quire in what way the control is exercised. It seems unlikely, in view 
of the ease with which the low serum calcium of tetania parathyre- 
oprivacan be raised by administration of calcium salts that the para- 
thyroids act by controlling the absorption of calcium. The present 
authors have recently obtained evidence in support of this. They 
found (170) that the parathyroid hormone was able to exert its full 
effect on the serum calcium even after removal of the whole of the 
alimentary canal distal to the esophagus. 

Kishi (80) found an increased urinary and a normal fecal excretion of 
calcium in tetany, whilst MacCallum and Voegtlin (102) reported an 
increased fecal excretion. The experiments of these latter authors, 
however, have been severely criticised by Greenwald and Gross (53) 
who find the total excretion of calcium to be decreased after parathy- 
roidectomy. Greenwald (54) found that prolonged administration 
of parathyroid extract to a dog resulted in an increased calcium excre- 
tion, and from the amount of the increase he concluded that the excess 
calcium must have been drawn from the bones. A similar series of 
experiments on humans led Hunter and Aub (72) to the same con- 
clusion. The present authors (170), in experiments of short duration, 
found that while intravenous injection of parathyroid hormone caused 
an increase in the serum calcium, it caused no appreciable increase or 
decrease in the calcium excretion either by way of the kidney or the large 
intestine (determined by isolating and washing out the intestine so as to 
avoid complications due to the presence of unabsorbed residues). The 
absence of any gross change in the calcium excretion in the experiments 
of Stewart and Percival showed that the primary action of the para- 
thyroid could not consist in controlling calcium excretion, and the 
variations found in the longer experiments of others were of such an 
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order as to be explained as due simply to the alterations in the concen- 
tration of calcium in the blood. 

The third possibility is that the parathyroids act by controlling the 
equilibrium between the blood and the tissues or the equilibrium between 
the different forms of combination in which calcium occurs. Greenwald 
and Gross (53) suggested that the parathyroid hormone was, or was 
necessary for the preparation of, the substance which kept in solution 
the large excess of tertiary calcium phosphate which Holt, LaMer and 
Chown (68) had claimed to be present in the blood. The correctness 
of the view proposed by Holt, LaMer and Chown has already been 
questioned, and against Greenwald’s explanation Dragstedt (38a) has 
placed the fact that even in completely parathyroidectomised dogs the 
serum calcium may be brought to normal by the feeding of calcium 
salts. However, Greenwald and Gross observed that if animals, re- 
ceiving practically no calcium in their food, were given parathyroid, 
the blood calcium and phosphate increased in equivalent amounts, and 
excretion similarly increased. Parathyroidectomy, they believed, led 
to prompt deficiency of the hormone, and thence to precipitation of 
calcium phosphate with consequent decreased excretion of calcium and 
phosphate and to decreased blood calcium (the blood phosphate remain- 
ing normal on account of the abundant supply from the breakdown of 
proteins, phosphatides, etc.). On this basis it was also possible to 
explain the increased calcium loss in hypercalcemia due to parathyroid 
administration. Recently Greenwald (52) has stated that feeding cal- 
cium salts after parathyroidectomy led to deposition of calcium in the 
tissues (as would be expected on the above hypothesis) while finally the 
blood calcium became normal and equilibrium was attained. He now 
considers that the substance which is (at any rate) prepared through the 
agency of the parathyroid hormone is similar to, but not identical with, 
citric acid, and that in the plasma it is normally in equilibrium with the 
protein bound and the ionic calcium. The view that the parathyroid 
hormone is concerned in maintaining the internal calcium equilibrium 
is supported by experiments by the present authors. It was found to 
be easy to raise the serum calcium above the normal and to maintain 
it at this high level in human subjects where the serum calcium was 
initially normal and the supplies of calcium in the tissues were adequate. 
In other cases where the serum calcium was initially low and the tissues 
presumably somewhat depleted, it was difficult to raise the serum cal- 
cium for more than a few days (or in some cases to raise it at all) by 
parathyroid administration. Further, except by massive doses it is 
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not easy to raise an already normal serum calcium by administration 
of calcium salts, though it is relatively easy to raise a low serum calcium 
to normal (139). Evidence in favour of this view is also afforded by the 
observation that when the serum calcium is raised by parathyroid 
administration, the diffusible calcium is raised relative to the total. 
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THE GROWTH AND FUNCTION OF THE CORPUS LUTEUM 


8. A. ASDELL 
Department of Anatomy, University of Rochester School of Medicine and Dentistry 


During the 16th century enquiry regarding the anatomy of the in- 
ternal organs of man and of other animals was very active. The organs 
of reproduction came in for their full share of attention and amongst 
the investigators who specially mention the latter we find Volcherus 
Coiter (1573) and Fallopius (1584). These writers describe in the 
ovaries cavities filled with fluid and sometimes with yellow solid. It 
is evident that they were looking at corpora lutea, and so far as is known 
these are the earliest references to those bodies. Later, Regnier de 
Graaf (1672) described the corpora lutea as “conglomerate glandules” 
enveloped in the membrana propria. He regarded them as formed 
only after coitus. He recognized that they bear a relation to the num- 
ber of fetuses present in the uterus, that they increase in firmness as 
they grow older and that they persist until delivery, when regression 
sets in, leading finally to their disappearance. He also recognized that 
their colour varies in different species. He regarded them as de- 
veloping from the ‘ova’ by which name he described the follicles 
which now bear his name. That corpora lutea develop only after 
coitus is a belief which was held for many years, and it is said that two 
English physicians of the early 19th century swore away the innocence 
of a woman on the grounds that corpora lutea were found in her ovaries 
(Corner, 1915). Home (1817) pointed out that corpora lutea are 
present in the ovaries of virgins. He (1819) regarded the corpus 
luteum as containing the ovum, and stated that it bursts to release 
the ovum. 

Malpighi (1689) gave a very accurate description of the corpus luteum, 
to which he applied his microscopical technique. He appears to have 
been the first to apply the incorrect name “corpus luteum” which has 
survived. 

PHyLocEeny. Although the corpus luteum is essentially a mam- 
malian organ appearing in its full development in the monotremes and 
recorded for every species which has been examined, cells with a similar 
origin and appearance are to be found in many species of fish, reptiles, 
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amphibia and birds. These luteum-like structures are usually pro- 
duced by a transient thickening of the theca and an hypertrophy of 
the granulosa after the eggs are shed. Giacomini (1896) described 
this appearance in the elasmobranchs, amphibia and birds. In the 
elasmobranch Myliobatis, the discharged follicle is described as a 
glandular body in which the enlarged epithelium is penetrated by ex- 
tensive ingrowths of connective tissue and blood vessels. Wallace 
(1903) described a similar appearance in the teleostean Zoarces. Buhler 
(1902) found no hypertrophy in the follicular wall in the cyclostomes 
Petromyson planiri and Myzine, nor in the teleostean Coreganus. 
Cunningham (1897), too, was unable to find any hypertrophy in the 
teleosteans he examined. 

In the reptilia, Lucien (1903) examined the discharged follicles of 
Anguis and Seps, finding a simple hypertrophy of the granulosa cells 
without mitoses, and Mingazzini (1893), also working on reptiles, 
reported a similar appearance. Recently Hett (1924) has investi- 
gated Lacerta agilis with the same result. He found no yellow pig- 
ment in the corpus luteum, if such a name may be given to these bodies 
in the reptiles. 

In addition to Giacomini, who reported hypertrophy of the granulosa 
in amphibia, Duschak (1924) has examined the follicles of Rana tempo- 
raria and Rana fusca but he was unable to find any hypertrophy of the 
coats of the follicles after its discharge. Hett (1923a), on the other 
hand, found an hypertrophy of the granulosa in Triton vulgaris. 

According to Marshall (1924), Giacomini also reported hyper- 
trophy of the granulosa and of the theca in birds after ovulation, and 
more recently Pearl and Boring (1918), working on the ovary of the 
hen, described a corpus luteum formed entirely from the theca interna. 
The granulosa was described by these workers as being sloughed off 
and degenerating. The theca-lutein cells contained a fatty substance 
and a yellow pigment similar chemically to that of the corpus luteum 
of the cow. They regarded the corpus luteum of the hen as homologous 
to the late involution stage of the cow’s corpus luteum. Hett (1922), 
also working on the fowl, described an extensive hypertrophy of the 
theca interna in the discharged follicle, but considered that the granu- 
losa also took part in the hypertrophy. He also described (1923b) 
a similar appearance in the Jackdaw (Colaeus monedula). This writer, 
from his studies of species of reptiles and birds, considered that there is 
an essential agreement between them in the formation of the corpus 
luteum. The epithelium remains preserved, while the theca connective 
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tissue grows through the mass of cells formed by the hypertrophied 
granulosa; but in the amphibia, although a similar process is apparent, 
a more rapid destruction occurs. 

In view of the conflicting evidence, it is impossible to decide whether 
the corpus luteum or cells corresponding in their origin to this struc- 
ture are general for all vertebrates; the data available suggest that. this 
is not so and that even in one class its appearance is inconstant. How- 
ever, this inconstancy is not at all unlikely, as even in the mammalia 
the corpus luteum seems to develop somewhat differently in different 
species. There seems to be no relation between the appearance of the 
structure and the mode of production of the young. 

DEVELOPMENT IN MAMMALS. An acute controversy has raged for 
nearly a century regarding the origin of the corpus luteum, and the 
question is still far from settled. Misconceptions have arisen from the 
use of material of unknown relative date and also from attempts to 
generalize from examinations limited to one species only. This seems 
as unwarranted as deductions made in a similar fashion would be con- 
cerning the mode of placentation. The question is one of more than 
academic interest, for recent events suggest that we are about to obtain 
a more accurate knowledge of the origin and nature of the hormones 
produced by the sexual tissues. Any information bearing upon the 
histological composition of the tissues involved may have a bearing on 
the differences and resemblances in reproductive habit in different 
species. 

The first worker to consider the source of the corpus luteum tissue 
was von Baer (1827), who worked on the bitch. His conclusion was 
that the whole of the lutein tissue is derived from the connective tissue 
of the follicle wall, i.e., he deduced a thecal origin for the corpus luteum 
as a whole. 

Paterson (1840) suggested that the corpus luteum is developed from 
blood coagulum, but this theory found few adherents. His conclusions 
rested on macroscopic observations only. 

In 1842 Bischoff, from a consideration of material derived from the 
rabbit, is said to have suggested that the origin was not to be sought 
in the connective tissue of the follicular wall, but in the granulosa cells 
which form the inner lining of the follicle. Corner (1927), however, 
states that the difference between von Baer and Bischoff is not so great 
as has been believed by most workers in this field. The writer has not 
seen Bischoff’s paper. A controversy arose between the supporters of 
the theory of thecal origin and that of granulosa origin for the lutein 
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cells. The extent and interest of the division of opinion may be gauged 
by the names which appear on either side. Those who upheld the 
thecal origin include Leuckart, His, Kélliker, Rokitansky, Gegenauer, 
Benckiser, Schottlander, Minot, Valentin, Bonnet and Hegar, while 
supporters of the granulosa theory included Pfliiger, Waldeyer, Call, 
Exner, Borell and von Hemsbach. 

The majority of those who have upheld the view of a thecal origin 
have worked on material obtained from the human. This material is 
in most cases necessarily of uncertain age of development, and is con- 
sequently unreliable for a determination of the origin of certain special 
cells. Early corpora lutea are rare, compared with those which are 
undergoing fibrotic degeneration. There is also the danger—greatly 
increased in casually-obtained material—of observing some form of 
degenerate follicle under the impression that they are normal phases in 
the follicular cycle being investigated. Amongst those who reported 
from material of this nature are Nagel (1896), Clark (1898-99), Biihler 
(1900), Wendeler (1899), Stockel, Pottet (1910), Hegar (1910) and 
Westman (1919). Spiegelberg (1865) stated that the granulosa de- 
generates before ovulation and that the corpus luteum forms from the 
theca, also before ovulation. Very few who have worked on accurately 
dated material from other mammals have supported this view, though 
Clark (1898) and Doering (1899), each with undated material from the 
sow, and Biihler (1900) and Hirose (1918), with dated material from 
the rabbit, considered that their results were in accord with it. Biihler 
was unable to distinguish between theca and granulosa in his specimens. 
Jankowski (1904), working under Nagel, considered that in the sow, 
guinea pig, sheep and cow, the luteal cells have a connective tissue 
origin, but he was unsystematic in the collection of his material. Schafer 
(1920) also supported this view from evidence obtained from rabbit 
material. All these workers agree that the granulosa is expelled with 
the ovum, but in this they are unsupported by the great majority of 
the workers in this field. It may be noted that Paladino (1879), like 
Spiegelberg, but working on the sow, considered that the granulosa cells 
degenerate before the rupture of the follicle. 

The granulosa theory rests on a far firmer basis. It is supported by 
Sobotta (1895-6-7) who made very careful observations in the mouse 
and rabbit. He described the lutein cells as being formed from granu- 
losa cells by hypertrophy only, while the connective tissue trabeculae 
are derived entirely from the theca interna, the theca externa playing 
no part whatever in the formation of the new structures. Sobotta’s 
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description for the rabbit is closely confirmed by Marshall (Hammond 
and Marshall, 1925) who considered that Schafer may have mistaken 
hemorrhagic follicles, frequently seen in the rabbit, for young corpora 
lutea. As Marshall pointed out, the amount of blood extravasated 
after ovulation is, in the rabbit, but small. Honoré (1900) also fol- 
lowed Sobotta in his description of the process in the rabbit, but con- 
sidered that the connective tissue network is derived partly from the 
theca externa. 

Stratz (1892) who investigated a lemuroid ape, Tarsius, the shrew, 
Sorex, and an insectivore, T'upaza, arrived at the same conclusions as 
Sobotta. In the sheep, according to Marshall (1903), the lutein cells 
are derived from the granulosa cells, while both the coats of the theca 
contribute to the connective tissue. Mitoses were observed in the 
granulosa-lutein cells; and the corpus luteum takes four days to reach 
its full development. 

In the marsupial, Dasywrus Viverrinus, according to Sandes (1903) 
the lutein cells originate entirely from the granulosa before the theca 
interna begins its ingrowth to form connective tissue. There is little 
difference between theca interna and externa in this species. This 
work was fully confirmed by O’Donoghue (1912). 

Robinson (1918) found a granulosa origin for the lutein cells in the 
ferret. Volker (1905), working on the marmot, Spermophilus citellus, 
found a granulosa origin for the lutein cells with connective tissue de- 
rived from both thecal coats, and Drips (1919) obtained a similar result 
in an American variety of this species, Spermophilus citellus decemline- 
atus, except that she regarded the connective tissue as being derived 
from the theca interna only. Togari (1923), working on the mouse, 
regarded the lutein cells as originating from the granulosa only; he 
stated that the theca cells degenerate within forty hours after ovula- 
tion. Zeitzschmann (1922) found a granulosa origin in the cow and is 
supported in this by Hammond (1926). 

Very few workers have found a purely granulosa origin for the corpus 
luteum cells in the human; Kreis (1899) working with insufficient 
material was’one, and Solomons and Gatenby (1924) with a fully de- 
veloped corpus luteum applying Da Fano’s method of silver staining 
to the fully developed corpus luteum, were others to find such an origin. 
The latter workers, however, admitted the derivation of some osmophil 
cells in the corpus luteum from theca interna cells, and in the present 
writer’s opinion this is equivalent to admitting the possibility of 
derivation of lutein cells from either granulosa or theca, for as the 
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color of the cells is no sure method of identifying the lutein cells, and in 
view of the lipoid nature of the gland, it seems better to postulate, until 
a functional test has been found, that a lipoid-bearing epitheloid cell 
is a lutein cell. It seems clear, however, that in some of their stain- 
ing reactions, the cells of different origin behave differently. 

The results of Solomons and Gatenby in the human were also con- 
firmed by them in the sow and the platypus. In the latter, fibrous 
connective tissue was considered to be derived entirely from the theca 
externa and the cellular network from the theca interna. 

A third school of thought has arisen, whose beliefs have already 
been foreshadowed, namely, that which holds that the lutein cells 
may arise from both theca interna and granulosa cells. Schrén (1863), 
working on the cat, appears to have been the first to make this sugges- 
tion, but the theory attracted little attention until Rabl (1899), Seitz 
(1906) and Wallart (1914), who worked on the human, revived in- 
terest in it. R. Meyer (1911) also worked on the human; his careful 
methods caused him to decide that the theca-lutein cells, as they have 
been named, disappear early in the life of the corpus luteum, leaving 
only lutein cells of granulosa origin. This worker considered that the 
developing granulosa-lutein cells crush the theca cells out of existence. 
Chydenius (1926) also, after careful work in the human, decided for a 
dual origin for the lutein cells. Shaw (1925) described these theca- 
lutein, or para-lutein cells as he terms them, but considered that they 
remain at the periphery of the corpus luteum and take no part in the 
formation of the stroma of the gland. Timofeiev (1913), Novak (1916) 
and Wolz (1912) arrived at the same conclusion. 

Amongst those who have found a dual origin for the lutein cells in 
other species is Loeb (1906—8a) who worked on the guinea pig. This 
writer stated that mitosis occurs during the development of the lutein 
cells, so that the development of the gland is not by cellular hyper- 
trophy alone. Van der Stricht (1901-12) working on three genera of 
bats, Vesperugo, Vespertilio and Placotus, came to the same conclu- 
sions, both as to the origin and the development of the corpus luteum. 
Cohn (1903) found a dual origin in the rabbit. He considered that the 
theca-lutein cells remain at the periphery of the structure. Corner’s 
(1915-19) careful work on the corpus luteum of the sow suggests a con- 
siderable invasion by theca-lutein cells which form a not inconsiderable 
portion of the gland, but, as stated above, his results have been chal- 
lenged by Solomons and Gatenby who, besides denying that the cells 
in question are entitled to be described as lutein cells, considered that 
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they do not penetrate the corpus luteum to the degree found by Corner. 
Kappeli (1908), also working on the sow, regarded the theca cells as 
capable of producing lutein cells; he goes so far as to say that they can 
produce the corpus luteum without the help of granulosa cells, though 
normally the latter codperate in its formation. Delestre (1910), who 
investigated the cow, came to the same conclusion, but he considered 
that the theca always plays the largest part in the development. 
MeNutt (1924) also found a dual origin in the cow, small clumps of 
theca-lutein cells invading the space filled by the granulosa-lutein 
cells and becoming detached from the connective tissue network. 

To summarize the position in which the controversy rests at present 
is not easy in view of such contradictory results. It seems certain, 
however, that an exclusively thecal origin for the lutein cells may be 
definitely ruled out. It is still to be decided to what extent the theca 
does take part in the development of the lutein cells. The divergent 
evidence on this point may for the most part be explained by the dif- 
ference in meaning ascribed by workers to the name “lutein” cell. 
As the original name which was given on the basis of colour is known 
with knowledge of more species to be misleading, it seems advisable 
to adopt the most characteristic property of the cells, 7.e., the inclusion 
of a large quantity of lipoid material, as.a basis for classification, al- 
though at this stage it would lead only to confusion to change the name 
of the gland as a whole. The designation “granulosa-lutein” and 
“theca-lutein” should be retained for the two classes of cells and the 
distinction appears to be a real one for, apart from the common lipoid 
content of the cells, their staining properties seem to differ. 

A real difference between species does seem to exist in the extent 
to which the theca-lutein cells invade the stroma of the corpus luteum. 
In the monotremes, marsupials, and all rodents examined except the 
guinea pig, the sheep, the mare (Hammond and Marshall, 1925) and 
in man, this invasion seems to be small or wanting entirely, while in 
bats, the guinea pig, cow, and most of all in the sow the invasion appears 
to be considerable. 

Another point upon which authors are at variance is in the mode 
of production of the granulosa-lutein cells, whether they are produced 
entirely by hypertrophy or whether cell division also takes place. 
Data on this point are scanty; Sobotta regarded mitoses as absent in 
the mouse and rabbit, Togari confirmed this for the mouse and Nisko- 
ubina (1909) for the rabbit, agreeing in this respect with Honoré. 
Other workers on the rabbit, especially Regaud and Dubreuil (1908), 
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have described abundant mitoses. Most of those who have worked 
on other species also find increase by mitosis as well as by hyper- 
trophy, though opinion is not unanimous as to the extent to which this 
occurs. Sandes found no mitoses in the developing corpus luteum in 
Dasyurus. According to Corner (1919) in the sow the granulosa in- 
creases by hypertrophy only, while in the theca cells mitoses are seen. 

In view of the divergence of opinion with regard to the derivation of 
the corpus luteum and the probability that this represents a real dif- 
ference in detail in different species, it is impossible to give an accurate 
account of the mode of formation which is applicable to all species. It 
is proposed, however, to give an account which appears to be correct 
in general. 

The Graafian follicle consists of two connective tissue coats, the 
outermost, the theca externa, consisting largely of a layer of fibrous 
connective tissue with the fibrous elements arranged concentrically 
around the follicle. Within this is the theca interna, more vascular, 
less fibrous, containing many ovoid cells of moderate size. This layer 
is coated on the inside by the clear membrana propria. Within the 
follicle are large ovoid to polyhedral granulosa cells which bridge the 
gap to the ovum by the structure known as the discus proligerus. 
The remainder of the follicle is filled with liquor folliculi, the origin 
of which is in dispute. When rupture of the follicle occurs, the ovum, 
most of the liquor folliculi and some of the granulosa cells are ex- 
truded. The amount of the liquid retained appears to vary in dif- 
ferent species, being small in the sow and large in the human (Allen, 
Pratt and Doisy, 1925). The walls of the follicle collapse to a vary- 
ing degree and hemorrhage often occurs. The amount of this varies 
with the species and also its finding may depend on the manner in 
which the animal has been killed (Corner, 1919). The theca interna 
connective tissue then develops rapidly, growing toward the centre of 
the follicles as radiating septa, which the blood vessels penetrate. The 
latter, leaving the septa, invade the intervening spaces which are being 
filled by rapidly growing granulosa cells. Leucocytes are often seen 
in the corpus luteum at this stage. The cells of the theca interna 
also travel in with the septa, they elongate and hypertrophy besides 
increasing in numbers. They become laden with fatty material. The 
extent to which they leave the connective tissue strands and penetrate 
the stroma of the corpus luteum is the subject of dispute. 

The granulosa-lutein cell is a large polyhedral cell of about 60y in 
diameter. The cells are eminently suited for the demonstration of 
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mitochondria and of the Golgi apparatus. The mitochondria, accord- 
ing to Levi (1913), are altered from the long sinuous ones of the fol- 
licular epithelium to short rods in the early corpus luteum, but in the 
pregnant animal they become less easily found as gestation proceeds. 
According to Riquier (1910), the Golgi net in the luteim cells of the 
cow tends to shrink and leave the perinuclear region as the cells be- 
come smaller towards the end of pregnancy, coming finally to the edges 
of the cell. In the last stages of degeneration, the apparatus is seen 
as an angular clumped body of indefinite structure. There is a small 
amount of osmophil substance in the granulosa cells and as they are 
converted to lutein cells the amount increases. 

Corner (1915) has described in addition to the granulosa lutein and 
theca lutein cells, a third type of cell in the corpusluteum. These are 
smaller than the lutein cells, are of varied shape and are strongly eosin- 
ophil. They contain small vacuoles even when fixed with osmic acid. 
Their origin is unknown. Corner thinks that they were also seen by 
Delestre (1910) in the cow. 

Andersen (1926) has investigated the development of the blood and 
lymphatic system of the corpus luteum. She stated that about the 
time of the extrusion of the ovum, tiny capillaries sprout off from the 
capillaries of the theca interna into the granulosa and that the veins 
of the externa send small branches through the interna. The growth 
of the granulosa is especially rapid about the sprouting arterioles, so 
that tongues of granulosa cells protrude into the cavity of the follicle 
with a strand of theca interna in the centre of each. In the centre of 
each tongue there develops an arteriole, venules and lymphatics. The 
arteriole runs up the centre of the tongue till it reaches the top; it 
then branches and returns over the margin of the cone of interna 
tissue, ending near the base. A network of vessels is formed between 
the theca and granulosa, but contrary to what holds in the unruptured 
follicle, capillaries now enter the space filled by granulosa-lutein cells. 
There are six to eight venules for each tongue. Later a network of 
freely anastomosing lymphatics develops in each tongue, a single 
lymphatic accompanying each arteriole and dividing amongst the lutein 
cells into a net of non-valved capillaries. The result is a radiated struc- 
ture in the corpus luteum. The lymphatic capillaries eventually also 
form a sheet between the tongues of tissue. Andersen states that the 
lymphatic system is remarkably large and takes up a considerable 
volume of the corpus luteum. She suggested that these vessels carry 
some of the secretory products of the cells as they are too extensive to 
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serve merely as an excretory system. During the regression of the 
corpus luteum these lymphatics are the first structure to disappear. 

CHANGES IN THE CORPUS LUTEUM AFTER FORMATION. The changes 
which take place in the corpus luteum during its life have not been 
worked out with any great degree of completeness, but it would appear 
again that the course of regression varies with the species. The lipoid 
of the lutein cells has been followed in the greatest detail. Van der 
Stricht (1912) has given an account of an accumulation of lipoid in the 
cells during the first part of gestation in the bat. Drips (1919) men- 
tioned an accumulation of fat in the cells during the middle part of the 
life of the corpus luteum in the Spermophile, while Miller (1910) 
found no lipoid in the cells until regression has set in. Mulon (1912) 
spoke of finding doubly refracting globules in the corpus luteum in 
many species during the early stages. 

Corner (1915) considered that it is possible to determine the stage of 
gestation in the sow by the appearance of the cells. He described 
seven periods, the chief differences in which are the appearance of an 
exoplasmic network. This, in sections fixed in formol and stained by 
Mallory’s triple connective tissue stain, appears at its full develop- 
ment, with embryos of 100 mm., to consist of unstained areas concen- 
tric to the nucleus. With younger embryos, the perinuclear system 
is associated with an elaborate system of vacuoles. By the time the 
embryo is 140 mm. in length, the exoplasmic appearances vanish. 
Peripheral vacuolisation disappears later and for the remainder of the 
pregnancy (290 mm.) the fat droplets in the cells increase in size. 
There is a diversity in staining reactions to be observed with embryos 
from 140 to 170 mm. In a later paper Corner (1917) described the 
exoplasmic apparatus as an artifact depending on the method of fixa- 
tion, but he found that, nevertheless, it is applicable as a criterion of 
the stage of pregnancy. He also stated that the apparatus is present 
in the bitch but not in humans or in cattle. Cohn (1903) found a 
similar structure in the rabbit. 

In the bat Long and Evans (1922) have followed the stages of gesta- 
tion by studying the fat droplets stained by osmic acid. In the newly 
formed corpus luteum these are small and of uniform size, but as gesta- 
tion proceeds they become larger and more variable in size. 

About the time of parturition, or at the end of the life of the cyclic 
corpus luteum, the size of the gland, which has been decreasing but 
slightly, drops suddenly. This change is associated with degeneration, 
the lutein cells showing marked fatty degeneration. These cells are 
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rapidly and completely reabsorbed in most species but in the rabbit 
they gradually lose their identity as lutein cells and the corpus luteum 
becomes indistinguishable from the interstitial tissue of the ovary 
(Lipschutz, 1924). In the mouse the corpus luteum is converted into 
connective tissue (Togari, 1924). The same fate has been observed 
for the human (Meyer, 1911; Ogino, 1923). According to Corner (1926) 
the nuclei of the cells become pycnotic and chromatolysis takes place, 
the débris being ingested by polymorphs and macrophages. The cells 
of thecal origin persist, although lipoid laden, for some time after the 
degeneration of the cells of granulosa origin. Solomons and Gatenby 
(1924) agree in this. According to Corner, the disappearance of the 
granulosa cells takes place with extreme rapidity. Hence the rapid 
decline in the size of the corpus luteum at parturition. 

Apparently the cyclical corpus luteum does not exhibit the changes 
described by Corner in the pregnant corpus luteum except that the 
exoplasmic network is formed (Corner, 1919), but according to Long 
and Evans (1922) the cyclical corpus luteum shows a similar but more 
rapid development of the osmophil element of the cell. 

THE DURATION OF THE CORPUS LUTEUM. On the causes for variation 
in the duration of the corpus luteum in different species, nothing is 
known, and it cannot always be asserted that duration in form is accom- 
panied by persistence of function. For instance, in the rat, Long and 
Evans (1922) have shown that corpora lutea of several ovulations may 
be present without interfering with the ovulation of the immediate 
cycle. In this case, the persistence is apparently one of form only, for 
the lutein cells are filled with large lipoid globules in place of the small 
granules which are present during gestation. In some species the dura- 
tion of the corpus luteum of pregnancy is many times that of the cyclical 
corpus luteum; and the time of parturition is known to bear no con- 
stant relation to the degree of development of the embryo when one 
compares species. 

In some species the phenomenon known as pseudopregnancy com- 
monly occurs. For example, in the bitch the corpus luteum of ovula- 
tion may persist for as long as that of pregnancy and produce similar 
uterine and mammary changes. (Marshall and Halnan, 1917). In 
the rabbit, where pseudopregnancy always occurs as a consequence of 
ovulation without fertilisation, this state lasts about half the time of 
pregnancy. The persistence of the corpus luteum for this period is 
marked by the development of the mammary gland and by hypertrophy 
of the uterus with marked development of the mucosal glands. Its 
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decline is marked by milk secretion and often by the plucking of fur 
from the breast and the formation of a nest as at the end of preg- 
nancy. The latter phenomenon is specially interesting as it denotes the 
occurrence of a nervous reaction usually coincident with the preparation 
for parturition, when a very definite reflex stimulus may be imagined 
to occur causing provision to be made for the young. Yet here the 
external reactions are produced in the absence of the fetus. Ap- 
parently this stimulus is entirely a maternal one essentially unassociated 
with the expulsion of the fetus or the presence or absence of fetal or 
placental products. 

Evidently the persistence of the corpus luteum for its increased life 
during pregnancy depends entirely on the presence of the products of 
conception, though in the bitch the pseudopregnant life of the corpus 
luteum is sometimes as long as the pregnant life. In what manner the 
reaction is produced is uncertain, for while production of artificial 
deciduomata has no effect on the persistence of the corpus luteum in 
the rabbit (Hammond, 1917), yet it is well known that metritis in the 
cow is usually associated with persistence. The writer, however, has 
seen two cases in goats in which a similar inflammatory condition 
was associated with follicular cysts (Asdell, 1926). A further com- 
plication is found in the rat where mechanical stimulation of the cervix 
causes a persistence (Long and Evans, 1922), while attempts to produce 
deciduomata during the usual cycle fail. 

In the human the corpus luteum is often held to persist in a mature 
form for the first twelve weeks of pregnancy only (Schafer, 1926), but 
measurements made by Dalton (1851) showed that the size does not 
alter appreciably from the end of the second to the sixth month. 

Loeb (1923b) has removed the uterus in guinea pigs with the result 
that the corpus luteum persists for up to sixty days instead of the usual 
fourteen to sixteen days. This persistence was followed by milk secre- 
tion. Long and Evans (1922) failed to find any such effect in the rat, 
and Hartman (1925a) also failed in the opossum, but Hammond and 
Asdell (unpublished work) have found that removal of the uterus in the 
rabbit before puberty is followed by a persistence of the corpus luteum, 
when ovulation occurs, from the usual 16 days of pseudopregnant life 
to between 24 to 29 days. This persistence was associated with failure 
of ovulation but it could not be said that further development of the 
mammary gland took place, though the retrogression seen at this in- 
terval after the end of pseudopregnancy had certainly not occurred. 

The facts are puzzling and it is difficult to formulate a theory which 
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will account for the relation between the uterus, pregnancy and the 
corpus luteum as we know them. Possibly growth of the uterus may 
maintain the vigour of the corpus luteum, while if degeneration occurs 
in the uterus for any reason, degeneration of the corpus luteum may 
follow. 

During lactation in the rat, according to Long and Evans, a new crop 
of corpora lutea are formed at an ovulation which takes place soon after 
parturition. These corpora lutea persist for a much longer time if 
lactation is permitted than is the case when lactation is not occurring. 
The criterion for persistence taken here is the absence of ripening 
follicles and the suppression of oestrous cycles. In the rabbit, in which, 
although ripe follicles are present soon after parturition, ovulation does 
not occur unless coitus is permitted, the corpora lutea of pregnancy 
reduce in size rapidly, much more so if suckling is allowed to proceed 
(Hammond, 1925). In Dasyurus the corpus luteum of pregnancy 
persists during lactation (Sandes, 1903). 

THE FUNCTION OF THE CORPUS LUTEUM. Speculation regarding the 
function of the corpus luteum has been prevalent for many years. The 
earlier views were that the body was formed to prevent excessive 
hemorrhages, to preserve the continuity of the ovarian circulation, 
and to prevent the formation of scar tissue in the ovary. Another view 
was that it naturally resulted from the excessive vascularity of the 
reproductive tract during pregnancy. As stated below, Beard (1897) 
suggested a possible function which seems to be well grounded, and in 
the following year Prenant (1898) pointed out that the structure of the 
corpus luteum is glandular and that it probably has a secretory func- 
tion. He regarded it as responsible for the prevention of chlorosis. 

THE FUNCTION AS SUPPRESSOR OF OVULATION. The first suggested 
function of the corpus luteum which has withstood criticism is that of 
Beard (1897) that it is responsible for the suppression of ovulation during 
pregnancy, thus preventing the inconveniences of oestrus and of super- 
fetation. This theory fits most of the data, for it has been shown in 
many species that while the corpus luteum is intact ovulation does not 
occur. In species such as the rat in which regular ovulations occur in 
spite of the presence of corpora lutea of previous ovulations, Long and 
Evans (1922) have shown that the lipoids in the cells of these corpora 
lutea are in large droplets instead of in the granules which appear to 
mark the functioning corpus luteum. 

Sandes (1903) supported this theory of the function and pointed out 
that in Dasyurus, atrophy of follicles takes place in widening circles 
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around the corpus luteum. He appears to regard this effect partly as 
one of pressure on the surrounding tissues. But this cannot be true 
for the rat, in which a number of corpora lutea may be present during 
the ripening of the follicle. Hammond (Hammond and Marshall, 
1925) pointed out that in the cow where usually one corpus luteum 
only is present, pressure could not account for the failure to ovulate in 
the opposite ovary. He advances the theory that there is a substance 
in the blood which is required in the metabolism both of the corpus 
luteum and of the follicle, but which is not present in sufficient quantity 
for the needs of both. Hence, while the corpus luteum is functional, 
the follicles are starved of this substance. This theory does not appear 
to be sufficient to account for the periodic absence of both corpora lutea 
and ripening follicles in the ovaries of animals with long anoestrous 
periods. It is also to be noted that the blood-circulation of the follicles 
is not in series with that of the corpora lutea, and accordingly for 
starvation of the follicles to occur, a reversible reaction and a lower 
threshold for the substance on the part of the corpus luteum must be 
assumed. According to Loeb (1923a), in the guinea pig the follicles 
may mature during the functional life of the corpus luteum, but ovula- 
tion itself is inhibited. Hammond (1926) agrees that in the cow a 
similar situation exists, but that the pre-ovulational increase in the size 
of the follicle does not occur. 

Two experimental methods of verifying this theory of the function 
of the corpus luteum have been tried. The first is to see whether ex- 
cision of the corpus luteum hastens the onset of oestrus and ovulation. 
Loeb and Hesselberg (1917) found in the guinea pig that ovulation 
would occur during pregnancy if the corpora lutea were removed. 
They also removed corpora lutea just after formation in the usual cycle 
and found that ovulation occurred somewhat earlier than usual. Papa- 
nicolaou and Stockard (1920), who pointed out that the length of the 
cycle had been overstated by previous workers, repeated the experiment 
and confirmed the shortening. Drummond-Robinson and Asdell 
(1926) have found that in the pregnant goat removal of the corpora lutea 
was followed within a week by abortion and ovulation. The normal 
cycle in this species is about three weeks. In the cow it has been 
shown by Williams (1921) and by Hammond (1926) that when the 
corpus luteum in the non-pregnant animal is squeezed out by rectal 
manipulation oestrus and ovulation follow after about two days. This 
animal is an excellent one in which to test the point, as it is unnecessary 
to make incisions; any operative effect is accordingly eliminated. 
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Injection experiments have met with but limited success. Pearl 
and Surface (1914) injected into fowls an aqueous extract of mam- 
malian corpus luteum from which the fatty substance had been ex- 
tracted by petroleum benzine. They reported a decline in egg yield 
lasting up to three weeks. Their experiments were well controlled, 
and injections of boiled luteum extract were without effect. This 
positive effect from mammalian corpus luteum extract is of additional 
interest as it shows that the avian corpus luteum described by Pearl 
and Boring (1918) and others is functionless in this respect. This was 
already evident in view of the daily ovulations which occur in the 
domestic fowl. 

Corner and Hurni (1918) injected aqueous extract made from de- 
fatted corpora lutea and from fresh material. Both types of prepara- 
tions from sow’s corpora lutea were without effect on ovulation in the 
rat. Kennedy (1925) has repeated the experiment in the rabbit, using 
aqueous extract of commercial preparations of corpus luteum and of 
fresh luteal tissue. He found an inhibition of ovulation in some cases, 
but he also found degenerative changes in several organs, particularly 
the liver, and it is open to question whether his positive effects may be 
due rather to disturbances in normal function of the body as a whole, 
resulting from the toxic nature of the extracts. Recently Papanicolaou 
(1926) has injected corpus luteum extract at weekly intervals in the 
guinea pig. The result was to postpone ovulation indefinitely, but 
contrary to Kennedy’s results, oestrus and ovulation were restored 
within a few days of the cessation of the injections. The extract used 
was a lipoid fraction. Extracts from other organs were negative and no 
effect was observed from oral administration. 

It may be noted that besides an earlier ovulation being produced by 
removal of corpora lutea during the dioestrous period, cases of sterility 
produced by the persistence of these bodies may be treated success- 
fully by this method. Good results have been reported by Kennedy 
(1925), Hess (1921), Williams (1917), Boyd (1921), and by Zschokke 
(1898) all in the cow, while Ochsner (1920) reported success in the 
human. 

THE INFLUENCE ON THE PRESERVATION OF THE EMBRYO. The 
relationship between the corpus luteum and the nutrition of the embryo 
was first suggested by Born, who persuaded Fraenkel to put the theory 
to experimental test. The latter attacked the problem by removing 
corpora lutea from the ovaries of the pregnant rabbit. He gave his 
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results in a series of papers (Fraenkel and Cohn, 1901; Fraenkel, 1903, 
1910). In the last paper he gave an extensive series: 


Removal of ovaries before implantation of embryos 
10 cases, all pregnancies terminated. 

Removal of all corpora lutea before implantation of embryos 
48 cases, all pregnancies terminated. 

Removal of ovaries in interval between implantation and 14 days 
19 cases, all pregnancies terminated. 

Removal of all corpora lutea between implantation and 14 days 
51 cases, all pregnancies terminated. 


In cases of removal of some of the corpora lutea before implantation, it 
appeared that the more corpora lutea removed, the greater the chance 
of termination of pregnancy, but one corpus luteum was sufficient to 
continue the pregnancy. A similar effect was observed after implanta- 
tion, but the chances of survival of the fetuses was greater. Of 
eleven animals in which the ovaries or all the corpora lutea were re- 
moved from the fourteenth to the eighteenth day all pregnancies 
terminated. Control operations were performed, but the cases of partial 
removal of corpora lutea are sufficient controls in this work. Extirpa- 
tion of corpora lutea after the twentieth day of pregnancy was some- 
times without effect. 

Loeb (1908b) has provided a basis on which the relation may be ex- 
plained by showing that in the guinea pig deciduomata may be caused 
to form by the introduction of foreign bodies into the uterus and by 
making incisions in the mucosa during the early life of the cyclical 
corpus luteum. These nodules of decidual tissue may be developed 
from the interglandular tissue from the third to the ninth day of the 
life of the corpus luteum, but not at other times. The tissue develops 
even in portions of the mucosa which have been transplanted, but if 
the ovaries or corpora lutea have been extirpated no reaction occurs. 
These results have been confirmed by Gasbarinni (1911), Hammond 
(1916) and Nielson (1921), all working or the rabbit. Corner and 
Warren (1919), working on the rat, found a similar reaction produced 
after the ovulation succeeding parturition; Frank (1911) also obtained 
this reaction in the rat. Long and Evans (1922) found that it was 
impossible to obtain the reaction during the normal cycle, but under 
any influence which prolonged the life of the corpus luteum the reac- 
tion could be elicited. Tactile stimulation of the cervix was one of 
these and it would seem that in this species with its short-lived corpus 
luteum a prolongation sufficient for implantation is obtained by the 
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effect of cervical stimulation either by copulation or by the formation of 
the vaginal plug. In the ovulation succeeding parturition the corpus 
luteum persists for a longer time than usual if lactation is allowed to 
occur and hence the decidual reaction which was observed by Corner 
and Warren. 

Kraintz (1914) found a similar reaction in the bitch as a result of 
incisions in the mucosa, but found that the introduction of foreign bodies 
failed to elicit the reaction. 

Loeb (1923a) in a subsequent paper stated that if the operation of 
removal of the corpora lutea is performed in the guinea pig before the 
second day has elapsed after coitus, termination of the pregnancy in- 
variably occurs. He considered that the corpus luteum gives off a 
substance which sensitizes the uterine mucosa, so that it can respond to 
the presence of a foreign body such as the ovum by the production 
of the decidua. He explained the failure to terminate the pregnancy 
when the operation is performed after the second day, but before im- 
plantation, by assuming that by that time sufficient secretion has been 
given off by the corpus luteum to sensitize the uterus. 

But it has been shown that the manner in which the corpus luteum 
causes the uterus to tolerate the presence of the ovum is not merely a 
question of the formation of the decidua, for in the aplacental opossum, 
Hartman (1925b) has shown that in all stages of its brief pregnancy 
abortion, or more usually reabsorption of the embryos is caused by re- 
moval of the ovaries. It was found that the uterine reaction consisted 
of an absorption of lymph and a consequent collapse of the mucosa, 
thus cutting off the nutrition of the embryo whose membranes are 
closely applied to the uterine wall. As a consequence, Hartman re- 
garded the nutritional element as of first importance in the toleration 
shown by the uterus for the embryo, and the decidual factor merely 
one of several contributory factors. It may, perhaps, be concluded that 
in the placental mammals the nutritional elements are of paramount 
importance at all times, but that the formation of the decidua is also of 
importance at one stage in order to secure this end. 

The position seems clear from the theoretical point of view, but the 
evidence from experiments during pregnancy is anything but clear. 
The work of Fraenkel has already been described. Other workers on 
the rabbit include Kleinhaus and Shenck (1908). Of five cases in 
which the corpora were removed by thermocautery or by shelling out 
at the ninth and tenth days of pregnancy, the fetuses in all were reab- 
sorbed, of five on the eleventh day and seven on the twelfth day one 
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pregnancy in each continued, of six on the thirteenth day, three con- 
tinued. In one operation performed at the fourteenth day, the preg- 
nancy was continued, while pregnancy was terminated by an operation 
on the eighteenth day. Controls in which the ovaries were incised 
without damaging the corpora lutea showed similar results. Nisko- 
ubina (1909) found that after cauterization of the corpora lutea from 
the seventh to the fourteenth day, the pregnancy continued in one case 
only. In this, the destruction of luteal tissue was shown to be incom- 
plete. After the fourteenth day, the operation was without effect. 
Weymeersch (1911) performed sixteen complete ovariectomies on the 
eighth and tenth days and found that the pregnancy was terminated in 
all cases. Blair-Bell and Hick (1909) removed the ovaries in the rabbit, 
one at seven days, one at fourteen days, and one at twenty days; the 
pregnancy was terminated in each case. MclIlroy (1912) removed the 
ovaries from three rabbits pregnant seven, sixteen and twenty-one 
days; pregnancy was terminated in each case. The present writer has 
shelled out the corpora lutea—an easy operation in this species—in six 
rabbits at twenty days and the pregnancy terminated in each case. A 
control in which the ovaries were incised in several places continued 
until the twenty-eighth day when premature birth occurred. The normal 
period of gestation in this species is thirty to thirty-two days. Dick 
and Curtis (1912) removed both ovaries in fourteen pregnant rabbits 
during the first fortnight; pregnancy was not continued in any case, but 
after removal of one ovary only, pregnancy was continued in one case 
in five. 

In the guinea pig, Loeb and Hesselberg (1917) removed the ovaries 
before the seventh day after conception and found in one of four the 
pregnancy was continued to the eighteenth day. They also removed 
the corpora lutea at this time by means of the thermocautery in seventeen 
guinea pigs, and found that the pregnancy was continued in eleven of 
these at the eighteenth day. These results suggest that the guinea pig 
differs from all other mammals which have been examined, and that 
early removal of the corpus luteum does not necessarily cause abortion. 
It is not clear whether the absence of luteal tissue was checked by sec- 
tioning the ovaries. Mulon (1908), also working on the guinea pig, 
found that pregnancy was interrupted when the ovaries were removed 
on the fourth, fifth, sixth, tenth, thirteenth and fifty-seventh days of 
the sixty days’ pregnancy. One operation was performed at each date. 
Daels (1908) removed the ovaries in ten guinea pigs of various stages 
of gestation with the invariable result that pregnancy was interrupted. 
However, in all his controls the same result was obtained. 
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Marshall and Jolly (1905) removed the ovaries in five bitches at 
varying stages in pregnancy from three days to four weeks after coitus 
(pregnancy lasts about sixty days in this species), and found that preg- 
nancy was terminated in each case, while in three controls in which the 
ovaries were operated on without disturbing all the corpora lutea the 
pregnancy was continued in each case. They also performed double 
ovariectomy in ten rats immediately after coitus and in nine at eight 
days. The pregnancy was interrupted in all of them. Three rats 
operated after the thirteenth day of pregnancy continued to term. 
Control rats showed that the interruption was due to the ovariectomy 
and not to the general effect of the operation. Drummond-Robinson 
and Asdell (1926) removed the corpora lutea by shelling out and by 
cauterizing the cavity in the goat; five operations were performed at 
the third month, and three at the fourth month of the five months’ 
pregnancy and in one only the pregnancy continued. Autopsy re- 
vealed the fact that in this one a corpus luteum had been overlooked. 

In the human it is generally considered that the ovaries may be re- 
moved after the eighth week of pregnancy without necessary interrup- 
tion of gestation. The writer has collected a number of cases from 
the literature. He finds the following cases of bilateral ovariectomy 
which have been recorded: 


At 1 month 2 pregnancies continued 

2 months 7 pregnancies continued; 1 discontinued 
3 months 13 pregnancies continued; 1 discontinued 
4 months 7 pregnancies continued; 1 discontinued 
5 months 3 pregnancies continued; 1 discontinued 
6 months 1 pregnancy continued 

7 months 1 pregnancy continued 


The small number of discontinued pregnancies is, of course, explained 
by the fact that since the theory required abortion after ovariectomy, 
only the cases contrary to this were considered to be of sufficient in- 
terest to be recorded. 

The writer wished to ascertain how far these results might be assumed. 
to depend on the lack of completeness of the operation. Many cases 
of menstruation after bilateral ovariectomy were found and nine in 
which conception occurred after the operation. He found thirteen 
recorded cases of supernumerary or accessory ovaries, many of them 
with an additional Fallopian tube. According to Garrigues (1900, 
quoting Beigel), accessory ovarian tissue has been found in twenty-three 
cases in five hundred autopsies. Meriel (1911) quotes Riefel as stating 
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that four cases were found in one hundred, while von Winckel (1878) 
found eighteen in five hundred cases. This suggests that the published 
results of bilateral ovariectomy cannot be accepted as being of any 
value as evidence against the theory that the corpus luteum is respon- 
sible for the implantation and nutrition of the embryo. Very careful 
search for supernumerary ovaries is required, and examination, to 
eliminate the possibility of regeneration before such cases can be re- 
garded as good evidence. The writer has seen in one of Mr. Hammond’s 
rabbits an ovary which consisted of about twenty fragments scattered 
within a wide range of the usual site. 

Allen, Pratt and Doisy (1925) record a case in which a corpus luteum 
was removed twenty days after the onset of menstruation and another 
in which the same operation was performed in the third month of preg- 
nancy. In each case gestation continued to term. In a personal com- 
munication, Allen stated that careful search of both ovaries was made 
in each case. 

In view of these results it is impossible to come to any definite con- 
clusion applicable to all mammals. As things stand at present, one 
must conclude that early removal of the corpora lutea prevents the con- 
tinuance of gestation in all species except the guinea pig, but that in 
the rodents at any rate removal in the later stages may not always be 
followed by destruction of the fetus. Experiments on the subject should 
not only be controlled by operation but by the sacrifice and careful ex- 
amination of each animal operated on for corpora lutea or fragments 
unremoved and also for accessory ovarian tissue. 

In connection with this problem it may be mentioned that one theory 
of the occurrence of parturition suggests that the corpus luteum de- 
generates, and that as a result, the pituitary gland, which has been held 
in check by the corpus luteum secretes an oxytocic hormone in quantity 
(Dixon and Marshall, 1924). These workers tested the pituitrin con- 
tent of cerebro-spinal fluid by means of the contractions of the excised 
uterus. The material to be tested was injected into a dog whose cerebro- 
spinal fluid was evaluated before and after the injections. They found 
that injection of ovarian tissue from the sow produced a secretion of pitui- 
trin when the ovaries from which the extract was prepared were from 
animals in oestrus. Ovaries taken during the dioestrous period when 
corpora lutea were present were without effect as were also ovaries 
taken during the earlier part of pregnancy. As parturition approached 
the extracts became more and more potent. They found that liquor 
folliculi did not cause a secretion of pituitrin. They concluded ac- 














GROWTH AND FUNCTION OF CORPUS LUTEUM 333 


cordingly that some part of the ovary other than the corpus luteum or 
follicle produces a substance which stimulates the secretion of pituitrin. 
This mechanism is held in check by the corpus luteum. As the latter 
degenerates towards the end of pregnancy, they considered that this 
phenomenon may have a considerable influence in effecting parturition. 

THE EFFECT ON GROWTH OF THE UTERUS. Linked with the question 
of nutrition of the embryo is that of the hypertrophy of the uterus which 
occurs during pseudopregnancy and pregnancy. It is evident that the 
corpus luteum is the most probable agent responsible for this develop- 
ment, but to what extent is it possible to differentiate between the 
follicle and the corpus luteum in this respect? Any one who has made 
observations on the uterine mucosa of the rabbit during oestrus and 
during pseudopregnancy cannot fail to be struck by the great difference 
in the state of the mucosa. In the oestrous state the mucosa is congested 
and contains more glands than in the resting state, but during pseudo- 
pregnancy the glands have increased in size and complexity to such an 
extent that the appearance in section is similar to that of very open 
lacework. However long oestrus may last, the first picture is not al- 
tered, and injection of large quantities of liquor folliculi (Asdell and 
Marshall, unpublished work) has no further effect. 

Injections of corpus luteum extract, in the writer’s experience, are 
without any effect in the spayed rabbit, and Allen, Pratt, and Doisy 
(1925) found that in the rat uterine growth could be obtained only when 
pools of liquor folliculi were present in the corpora lutea from which 
the extract was made. This growth was always associated with the 
thickening of the vaginal epithelium associated with oestrus or the in- 
jection of liquor folliculi. Hermann (1915) and Frankel and Fonda 
(1923) have recorded growth in the uterine tract of immature bitches 
by injections of corpus luteum extract but it is not clear whether this 
growth was greater than would have been obtained by the injection of 
liquor folliculi extracts. Other writers, too, have reported conflicting 
results from similar work and it is impossible to draw any conclusions 
from it. 

Several workers (Blair, 1922; Keye, 1923; Corner, 1923; Wislocki 
and Guttmacher, 1924) have reported the occurrence of cyclical varia- 
tions in the contraction waves in the uterus and tubes. The chief 
feature of this work has been to show that at the time of greatest de- 
velopment of the follicular system and just after, the uterine contrac- 
tions are at their greatest. Coincident with the greatest development 
of the corpus luteum the contractions are minor in character early. 
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Whether this has any connection with the corpus luteum is unknown, 
but recent work in Corner’s laboratory suggests a definite correlation 
with the growth of the muscle fibres of the uterus. 

THE RELATION TO THE MAMMARY GLAND. Another theory of the 
function of the corpus luteum is that which relates it to the mammary 
gland. Until Ancel and Bouin (1910-11) pointed out the significance 
of the mammary development which is observed during pseudopreg- 
nancy in the rabbit, the mammary development was ascribed to the 
fetus or placenta. Lane-Claypon and Starling (1906) suggested that 
the development which takes place at puberty is probably governed 
by the ovary, while Ribbert (1898) and Pfister (1901), each of whom 
transplanted mammary glands to other sites in the rabbit and ob- 
tained lactation after pregnancy, concluded that the stimulus must be 
hormonic in nature. Lane-Claypon and Starling (1906), as a result of 
injections of foetal extracts in the virgin rabbit, decided that the fetus 
exerted a direct influence on mammary growth. Foa (1908) reached 
the same conclusion with a similar experiment. Frank and Unger 
(1911) working on rats and rabbits were unable to obtain a greater 
growth with extracts than with control injections or even in uninjected 
animals. They emphasized the necessity of using ovariectomised ani- 
mals in this work, which previous workers had neglected. 

By the use of vasectomised males, Bouin and Ancel were able to 
produce corpora lutea in the rabbit, which normally ovulates only after 
coitus, in the absence of pregnancy. In this condition development of 
the mammary gland took place and milk could be expressed from the 
nipples at the sixteenth day after sterile coitus. This was confirmed by 
Hammond and Marshall (1914). A _ similar lactation had already 
been recorded by Heape (1906) for the bitch, while O’ Donoghue (1911) 
has described the phenomen of pseudopregnancy in Dasyurus. Such 
evidence does not eliminate the possibility of other organs being the 
cause of the mammary development, but the parallelism with the corpus 
luteum is remarkable. The uterus has been definitely ruled out as 
its removal does not prevent this mammary development (Loeb, 1923; 
Hammond and Asdell, unpublished). 

Also the follicular system does not appear to be well developed in the 
rabbit and bitch while the corpus luteum is active. The follicle is 
probably responsible for some of the pubertal development, for a slight 
development is noticed in the rabbit at puberty (Hammond and 
Marshall, 1925), and injection of liquor folliculi in the spayed animal 
produces some development (Vintemberger, 1925), but in those species 
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in which puberty is followed by ovulation and the production of the 
corpus luteum, this early development is much greater than in the rab- 
bit where ovulation is not the necessary consequence of the ripening of 
the follicle. In addition to the evidence given above, Ancel and Bouin 
(1911) removed corpora lutea soon after their formation and found that 
the mammary development usual in pseudopregnancy did not occur. 
They pointed out that the pseudopregnant development of sixteen days 
is not so great as that of pregnancy, which lasts about thirty-one days. 
Loeb and Hesselberg (1917) removed corpora lutea in the guinea pig 
during early pregnancy and found that the mammary development had 
ceased when they examined their animals at about twenty-four days 
after conception. However, in this species development is not always 
in full swing at this time. 

On the whole, it may be stated that there is a very close correlation 
between the corpus luteum and mammary development but there are 
many exceptions. Thus, mammary secretion of a serous nature often 
occurs from the breasts of newborn babies of both sexes. This has 
been explained on the assumption that the hormone which produces 
mammary hypertrophy in the mother passes the placenta and causes 
development in the fetus. While demanding permeability of the pla- 
centa to one somewhat hypothetical hormone, passage is denied to those 
which determine secondary sexual characters. It seems to the writer 
that the secretion which is obtained may be more logically explained 
when it is remembered that at the time of birth there is a considerable 
awakening of secretory activity in the fetus; the mammary gland 
being a secretory organ may take part in this general stimulation. 

Athias (1915), Lipschutz (1924) and Moore (1921) have found fune- 
tioning mammary glands in castrated male guinea pigs in which ovaries 
have been implanted. This is ascribed by Lipschutz to “hyper- 
feminisation.””’ He has stated that the atretic follicles found in such 
transplanted ovaries become merged into the interstitial tissue of the 
ovary, thus increasing the amount of the latter and leading to lactation, 
for he considers that the interstitial cell and the corpus luteum cell, 
being morphologically similar, have identical functions. It would be 
interesting to repeat this experiment in the rabbit where the ovary 
already contains a large amount of interstitial tissue in the presence of 
which there is little mammary development until corpora lutea are 
produced. — 

Mammary secretion has been described in the male of many species 
from time to time, but the writer has come across no case in the litera- 
ture which can be regarded as fully authenticated. 
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Mammary secretion in the virgin has often been recorded but the 
possibility that the necessary development may have been produced 
by the influence of the corpus luteum has not been eliminated. 

A point which is still unsettled is whether the corpus luteum is re- 
sponsible for the whole of the mammary hypertrophy of pregnancy. 
Loeb and Hesselberg (1917) have removed the corpora lutea in the 
guinea pig early in pregnancy without interrupting the gestation. They 
found that at the twenty-fourth day of pregnancy the mammary gland 
was resting in spite of the presence of living embryos in the uterus. 
As stated above, the mammary gland was shown by them normally to 
be only just commencing new development at this stage. Ancel and 
Bouin (1911), who believed that the corpus luteum in the rabbit begins 
to regress after sixteen days in the pregnant animal, ascribed the fur- 
ther development to the myometrial gland—giant cells which they 
found lying between the placental and muscular layers. Fraenkel 
(1913) considered that this gland was not constant in its appearance 
even in the rabbit, while he also showed that Ancel and Bouin were 
mistaken in considering that the corpus luteum degenerates half way 
through pregnancy. Hammond (1917), too, considered that the 
appearance of the myometrial gland was inconstant; he believed that 
the cells were giant cells which had wandered in from the fetal placenta. 

If full mammary growth and lactation could be produced by the 
experimental production of a persistent corpus luteum, the case for the 
corpus luteum as the sole cause of mammary development during preg- 
nancy would be greatly strengthened. Loeb (1923) has produced a 
persistent corpus luteum in the guinea pig by excision of the uterus. 
When the persistence lasted for sixty days lactation was produced, but 
it is not stated whether the development was as great as is usual at 
the end of pregnancy. Hammond and Asdell (unpublished work), 
who repeated the experiment in the rabbit, also obtained a persistence 
of the corpus luteum, but for a shorter time. They were unable to find 
an increased development of the mammary gland beyond that usually 
found at the end of pseudopregnancy, but the degree of retrogression 
usually found at from twenty-four to twenty-nine days (the length 
of life found for these corpora lutea) had certainly not taken place. 
The writer has seen a case of persistent corpus luteum in the cow asso- 
ciated with anoestrus and lactation, but as the cow had repeatedly 
been served, the possibility of abortion is not ruled out. This cow was 
suffering from metritis. 

There is no doubt that the character of the mammary growth in 
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pregnancy changes at the mid-period in the rabbit. Before this time, 
which also coincides with the termination of pseudopregnancy, the 
growth has been one of ducts only, with but little alveolar develop- 
ment. Consequently there is little growth in the thickness of the gland. 
After the mid-period, alveolar growth greatly increases the amount of 
mammary tissue and consequently the amount of milk which may be 
obtained. In the cow a similar change takes place (Hammond, 1926) 
and this has been shown to be associated with a change in the character 
of the mammary secretion. Woodman and Hammond (1923) have 
shown that the secretion before this stage is serous in nature and 
contains all the characteristic substances of milk in lower concentra- 
tion. As the half-way stage is reached in the primiparous cow, the 
secretion changes abruptly to a thick cloudy pigmented fluid contain- 
ing up to 40 per cent of solids, the greater part of which is globulin. 
If this is withdrawn, normal milk may be obtained before parturition. 
It is evident that colostrum is a mixture of milk with the globulin 
secretion, and not, as Porcher and Panisset (1921) have suggested, 
milk from which most of the fluid has been reabsorbed. The changes 
in the secretion have been followed in the cow by Asdell (1925), who 
found the same development with similar time-relations in the goat, 
both pregnant for the first time and dry for some time. In the latter 
species a case was found in which the mammary changes did not occur 
at the usual time. There would appear to be an occasional disharmony 
between the corpus luteum and the mammary gland which may provide 
a basis for an explanation of such genetic factors as affect the initial 
yield of milk (Drummond-Robinson and Asdell, 1926). It was also 
found that if the corpora lutea were removed before the globulin stage 
had been reached, abortion was not followed by secretion of milk in 
bulk, though the gland could still reach the globulin stage. If the cor- 
pora lutea were removed after the globulin stage had been reached, then 
abortion was followed by copious milk secretion. In view of the milk 
secretion which was obtained during pregnancy, the postulation of in- 
hibiting hormones (Hildebrandt, 1904) from the fetus or placenta would 
appear to be unnecessary, for while a cell is growing it is unlikely that 
it also secretes. 

These changes in the nature of the mammary growth and secretion 
during pregnancy may be due to conditions within the gland rather 
than to changes in the stimulus, but there is a certain amount of addi- 
tional evidence which suggests that there may be a change in the 
nature of the stimulus as pregnancy proceeds. It is known that the 
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cyclical corpora lutea, although succeeding one another in many species 
at very short intervals, are unable to cause more than the preliminary 
duct growth. The same consideration applies to the rabbit where a 
doe which has produced a litter, if allowed a considerable rest, ex- 
periences retrogression of the alveoli, though the ducts remain more or 
less intact. Yet if this doe now becomes pseudopregnant, the corpus 
luteum of pseudopregnancy does not carry the development further 
than in the nulliparous rabbit although it does not start at the same 
level. Loeb and Hesselberg (1917) have pointed out that the mam- 
mary gland of the guinea pig does not grow for the first twenty-four 
days of pregnancy, while that of the rabbit grows during the first 
half of its pregnancy. They suggested that the mammary gland of the 
guinea pig has a higher threshold than that of the rabbit—a contrary 
opinion to that which might be inferred from Lipschutz’s (1924) 
feminisation experiments. While this may be the ultimate reason, it 
must not be overlooked that the guinea pig has a recurrent oestrus 
with periodic corpus luteum formation which maintains the duct growth 
(i.e., the so-called pubertal growth), while the rabbit with no recurrent 
corpus luteum has more early growth to make. It seems significant 
that the early corpus luteum in the guinea pig does not take on the 
growth where it left off. There may be a greater inertia to be over- 
come in the production of alveolar growth than of duct growth which is 
surmounted only when sufficient of the stimulating substance has been 
accumulated, or there may be a difference in the amount or the nature 
of the stimulating secretions as gestation proceeds. 

OTHER THEORIES OF THE FUNCTION OF THE CORPUSLUTEUM. Amongst 
other theories of the function of the corpus luteum may be mentioned 
that of Parhon, Dumitresco and Nissipesco (1909) who suggested that 
the corpus luteum is responsible for the growth of hair in the female. 
They considered that the thyroid frees iodine which combines with the 
fat of the corpus luteum and of other endocrines, producing a substance 
which promotes the growth of hair. This substance is removed period- 
ically by the occurrence of menstruation. The female is consequently 
less hairy than the male in which such removal does not occur. 

Pearl and Surface (1915) from an investigation of the ovaries of a 
cow which exhibited male secondary characters, considered that the 
corpus luteum is responsible for the inhibition of male secondary char- 
acters. Their grounds for this theory were that in the cow in question 
cystic follicles were present but no corpora lutea. The correlation is 
insufficient, for it is well known that female rabbits may be kept for a 











GROWTH AND FUNCTION OF CORPUS LUTEUM 339 


considerable time without corpora lutea in their ovaries and yet pre- 
serve their feminine characters. Also nymphomaniacs exhibit pro- 
nounced female characters, while in addition the whole weight of recent 
work on gonad transplantation is against this view. 

CHEMISTRY OF THE CORPUS LUTEUM. The greater number of the 
workers on the chemistry of the corpus luteum have been principally 
interested in the isolation of physiologically active substances, and 
little attention has been paid to the nature of the substances present in 
these bodies. Still less often have attempts been made to trace the 
chemical changes at different stages in their life. The reasons for this 
are evidently the difficulty of obtaining dated material in sufficient 
quantity and the complexity of the substances present; the most in- 
teresting of these substances would appear to be lipoid in nature. 

An early paper is that of Meigs (1847) who drew a parallel between 
the corpus luteum and egg yolk on chemical grounds. 

Chauffard, Laroche and Grigaut (1912) have estimated the total 
lipoids and cholesterol in the early, mid-, and late stages of the corpus 
luteum of the sow. They found that the cholesterol increases con- 
siderably as the corpus luteum develops and retrogresses. They also 
found cholesterol in the corpora lutea of the cow and sheep. Rosen- 
bloom (1912) has published figures for the corpora lutea of pregnancy 
and of the cycle in the cow. The neutral fats and cholesterol show 
practically no variation between non-pregnancy and early and late preg- 
nancy, while the phosphatides are slightly higher in the corpus luteum 
of pregnancy. Corner (1917) has estimated the phosphatides in the 
corpus luteum of the pregnant sow. He found that the percentage of 
alcohol-soluble PO; decreases as pregnancy progresses. He has sug- 
gested that this is a reflection of the gradual ageing of the corpus 
luteum, that youthful tissues as a rule have a larger phosphatide con- 
tent than older tissues. Fenger (1916) has made an analysis of the 
corpora lutea from pregnant cows. His average sample gave 78 per 
cent water and 4.8 per cent ether-soluble substances. The lecithin 
content was fifteen times as high as that of muscle tissues, agreeing 
with the other ductless glands except the thyroid, in which the phos- 
phatide content was low. The same worker (1914), comparing cor- 
pora lutea of pregnant and of non-pregnant cows, found that the corpora 
lutea of pregnancy contain less moisture, an equal amount of lipoid, 
less protein and phosphoric acid than the non-pregnant corpora. 

Hermstein (1925) has made analyses of human corpora lutea of dif- 
ferent ages; he found the total lipoid content constant at all ages, the 
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content of cholesterol, cholesterol esters and phosphatides to be greatest 
at the time of full development. After menstruation has supervened, 
the neutral fats, fatty acids and soaps increased relatively to the first 
series. The figures show considerable variation in the composition of 
corpora lutea of similar age. 

Frankel and Fonda (1923) have enumerated the substances which 
they found in the corpora lutea. These were kephalin, lecithin, an 
ester of dilignoceryl-N-diglucosamino acid, cholesterol, and a cholesterol 
ester, glyceryl tripalmitate, free myristic acid and a galactoside con- 
taining nitrogen and phosphorus. They also obtained an oil withthe 
empirical formula C32H;.02 which contained two unsaturated linkages, 
an —QOH and a —CO group. This substance promoted sexual de- 
velopment when injected into immature bitches. 

Hart and his colleagues have been investigating the lipoid content of 
the corpus luteum of the cow. They report (Cartland and Hart, 1925; 
Hart and Heyl, 1925, 1926) the presence of lecithin, kephalin, cholesteryl] 
palmitate, potassium stearate, tristearin, sphingomyelin, leucine, 
isoleucine, valine; palmitic, stearic, oleic, linolic, arachidonic acids; and 
a hexa-unsaturated acid of the Czo series. The kephalin is similar to 
that obtained from brains and hearts. 

The history of the isolation and identification of the pigment is of 
interest. In the first place it should be stated that the pigmentation 
follows the general coloration of the body fat. Pigment is accordingly 
found in the cow and human in which the body fat is also pigmented. 
The rabbit is interesting, for the body fat and corpora lutea are both 
usually unpigmented, but a strain in the possession of Mr. Hammond 
shows yellow fat with yellow corpora lutea. The corpus luteum of the 
sow is pinkish but it becomes pale yellow as it retrogresses. Palmer 
(1922) was able to isolate a small quantity of pigment from the old 
corpora lutea of sows, but in spite of the use of large quantities of raw 
material, identification was impossible. 

Piccolo and Lieben (1866) described the pigment in cow’s corpora 
lutea and gave it the name hemolutein or luteohematoidin. Hohn 
(1867) also isolated the pigment in crystalline form, calling it hema- 
toidin. According to Palmer (1922) his description of its reactions is 
very accurate. Thudichum (1869) pointed out the close relationship 
between the corpus luteum pigment the yellow pigments generally in 
plants and animals. Capranica (1877) also isolated the pigment in the 
cow. He regarded it as identical with the pigment in the yolk of the 
hen’s egg; but Kuhne (1878) on spectroscopical grounds pointed out 
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that the two pigments were not identical. Escher (1913) proved that 
the pigment of corpora lutea is carotin—a hydrocarbon, CyHse— 
identical with the carotin of plants. Willstatter and Escher (1912) 
have shown that the pigment of egg yolks is xanthophyll, a closely 
related substance with the formula CyoHs¢Ocz. 

As the occurrence of the pigment is confined to a few species and is 
dependent on the occurrence of pigment in the body fat, it is unlikely 
that any functional purpose is to be ascribed to the carotin, although 
there is an accumulation of the pigment in the ovaries of cows sterile 
through excessive fatness (Marshall and Peel, 1910). Palmer and 
Eckles (1914) have demonstrated the close relationship between the 
body pigmentation and the coloring matter of the feed. In addition 
they have stated that a small quantity of xanthophyll may be associated 
with the carotin of the corpus luteum. 

THE THERAPEUTIC EFFECTS ASCRIBED TO INJECTION OF CORPUS LUTEUM 
EXTRACTS. Several cases of experimental injections of corpus luteum 
extracts have been given during the course of the analysis of the func- 
tion of the corpus luteum. Many have been left out where they did 
not have a direct bearing on the point under discussion, for it is im- 
possible in a short article to review the whole of the vast literature on 
this subject. An attempt would, in any case, lead only to confusion, 
for the reports of therapeutic and other effects as a result of such in- 
jections are legion. This literature is the despair of the physiologist, 
for not only is the work in most cases inadequately controlled but the 
results recorded are contradictory. The effect is to make one almost 
a complete sceptic so far as this type of work is concerned. An able 
review with which the present writer agrees was published by Novak 
(1922) in which this aspect of endocrine therapy is considered. Most 
of the effects recorded have been duplicated by injections of extracts 


from other organs whose relation to the ovarian endocrine functions 
must be remote indeed. 
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THE PHYSIOLOGY AND PHARMACOLOGY OF VEINS 


K. J. FRANKLIN 
Pharmacological Laboratory, Oxford 


Structure and function are so intimately connected in the case of veins 
that no apology is needed for a few introductory remarks on their 
development, comparative anatomy, macro- and microscopic anatomy. 

DEVELOPMENT. Oppel and Roux and Chapman find blood vessel 
development dependent first on inherited factors, and secondly on 
functional factors. The latter come into play shortly after the begin- 
ning of functional activity and are related to the needs of the parenchyma 
of the organ concerned. The former account for the disappearance of 
certain embryonic veins, and for the peculiar structure of parts of the 
venous system, such as the corpora cavernosa and retia mirabilia. 
Functional differences in pressure determine the differences in structure 
of venous and arterial walls. The width of veins is also functionally 
determined. Ring and longitudinal musculature develops where it is 
necessary to prevent dilatation or longitudinal stretching. Ring muscle 
is therefore absent in veins which are protected by surrounding tissue, 
as in the bones and brain. Where dilated veins press against one an- 
other, the vein wall becomes thinner and may by its disappearance form 
a varix anastomoticus (138). In the adult, transplantation of a vein 
segment into an artery leads to diminution of the vein lumen, and to 
hyperplasia of the muscular media (60). 

CoMPARATIVE ANATOMY. The most interesting structural adapta- 
tions are found in diving animals, and consist of reservoirs connected 
with the veins leading to the lungs, the venae cavae, the venae hepati- 
cae, the jugulars, the veins of the spine, and those in the posterior regions 
of the abdomen (98). In the great northern diver, a bird which swims 
under water after its prey, the venae cavae and venae cavae hepaticae 
are dilated to the size of the same veins in the adult human body; in 
other diving birds similar dilatations are found. This dilatation is ex- 
tended in the diving mammals, and in them are found large suprahe- 
patic venous reservoirs below the diaphragm,' a sphincter in the venacava 


1In Pinnipedes. 
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wall above the diaphragm, and retia mirabilia venosa.2 In the seal all 
except the largest suprahepatic veins have frequent circular smooth 
muscle diaphragms which can check venous outflow on contraction. On 
closure of the vena cava sphincter, the venous outflow from the splanch- 
nic area is checked, once the sinuses are full; if the pressure rises too 
high, blood can escape through the azygos vein to the superior caval 
system. The veins of the seal, whale and hippopotamus are said to 
have no valves, the azygos of the seal being anexception. The veins of 
these animals are of much greater capacity than the arteries, in the seal 
more than five times as much blood being in the veins. All these 
various mechanisms, and others not directly concerned with the venous 
system, have as their result the conservation of oxygen for the more 
important organs, if necessary at the expense of relative asphyxiation of 
the splanchnic viscera. In this way these animals are enabled to stay 
below the surface for a much longer period than would otherwise be 
possible, the whale, for instance, being able to remain submerged for 
more than an hour (130). Further details must be consulted in the 
original papers (11), (28), (29), (30), (75), (98), (113), (141), (152). 

Macroscopic ANATOMY. Salter divides veins into four systems, the 
systemic and portal, carrying venous blood, and the pulmonary veins 
and some veins peculiar to fetal life (ductus venosus and umbilical), 
carrying arterial blood. Certain parts of the venous system show 
special modifications. The veins joining the heart are invested for a 
variable distance in different animals with a layer of muscle of cardiac 
type and with pericardium, and in some animals the vena cava has an 
addition of fibrous tissue where it passes through the diaphragm. The 
cerebral sinuses lose the muscular elements of the typical venous coat, 
and the umbilical veins have structural peculiarities. The valves, the 
fifth part he mentions, are fully discussed in an exhaustive review of the 
literature, published elsewhere (66). In the tail of the eel Marshall 
Hall describes a caudal venous heart. 

The capacity of the venous system (152), (157) as compared with that 
of the arterial system, has been variously estimated by different authors, 
as 9 to 4 (Sauvages), 2 to 1 (Haller), 4 to 1 (Borelli). Inthe lungs and 
placenta it is equal to the arterial (Verneuil), in the pia mater as 6 to 1 
(Hirschfeld), and in the erectile organs of generation as 30 to 1 (Kobelt). 

Venae comites (10) occur in association with large cranial nerves, the 
intercostals, and the nerves of the neck and extremities; they are also 





2In Cetacea. 
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found in association with the ducts of the larger glands, and many 
arteries. The femoral always has two. 

The anastomoses and plexuses of veins are described by Salter, the 
most elaborate plexuses being those around, about, and within the 
spinal canal (23). Cancellated bone is also remarkable for its plexuses. 

Mettenleiter finds the inferior vena cava very elastic above the 
diaphragm. As the diaphragmatic foramen does not change in size, 
and the caval orifice in the right auricle remains at the same height 
during the inspiratory descent of the diaphragm, this factor is of interest 
in connection with the venous return to the right heart. 

Another important feature of the venous system is the occurrence of 
connective tissue sheaths round certain veins (18). The best idea of 
these sheaths is gained by an inspection of Bize’s figures. The sheath 
is separated from the vessel wall by loose connective tissue which allows 
of variations in volume of the vessel. It is, therefore, less in amount 
round the smaller veins than round the larger, and round the larger 
veins than round arteries. The function of this gaine vasculaire is to 
protect the vessel, to allow sliding, to give support to the vasa vasorum, 
to isolate the vessel, and by prevention of too great distention to aid 
the play of the valves. It keeps the veins at the base of the neck patent 
and may in certain movements of the parts increase their lumen. Mall 
describes the veins of the stomach and intestines (124-126), Backman 
those of the lungs, and Walcker the collateral circulation of the portal 
system. 

MICROSCOPICAL ANATOMY. The intimate structure of veins varies 
considerably according to calibre, age and species; individual veins 
differ from one another according to their situation in the body, and the 
same vein will vary markedly in its structure in the course of its length, 
and even on opposite sides of a cross-section. In addition, changes occur 
in the distribution of circular and longitudinal muscle at the level of 
valves. Epstein states that in human veins, the typical intima con- 
tains elastic fibres and muscle-fibres, the latter chiefly longitudinal; in 
the media the muscle-fibres are for the most part circular; and in the 
adventitia there is a preponderance of connective tissue. The difficul- 
ties arise in enumerating local peculiarities. Epstein gives a good 
description of a few human veins; a description of the histology of the 
complete venous system of man is available in Payard’s work, in which 
the veins are classified according to structural differences in the media. 
Dubreuil and Payard also give details of the elastic tissue. Haynes 
(68) gives the histology of the large veins in the sheep. 
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Bardeleben (8) suggests a classification of veins according to their 
deep or superficial position, and the direction of the blood-flow: 

A. According to deep or superficial position: 

1. Veins in bones, muscles and other organs. 

2. Veins between muscles and close to arteries—the ‘‘deep”’ veins. 

3. Veins between fascia and skin, without accompanying arteries— 
the “‘superficial’’ veins. 

B. According to the direction of blood-flow: 

1. Almost always upwards—lower extremity, part of trunk. 

2. Chiefly upwards—upper extremity. 

3. Almost always downwards—head and neck. 

From an anatomical standpoint there is in A from 1 to 3 an increase 
in elastic elements, and more so in muscle, in B from 1 to 3 a decrease. 
Apart from mere strength of muscle, there is also difference in its arrange- 
ment, direction and position in the vein-wall. A and B with their sub- 
divisions can effect various combinations. The veins in the muscles, 
bones, etc. have little or no muscle in their walls. The deep veins 
exhibit a medium strength musculature in the following order, from 
least to greatest, namely, upper extremity, jugular, lower extremity. 
The superficial veins (variations occur according as to whether they 
ascend more or less) have in general the strongest musculature; at the 
head stand the saphena and its branches. 

If the microscopical and macroscopical features of any particular vein 
are considered in relation to the properties of the constituent elements 
of the vein wall, to the innervation and response to autonomic drugs, 
and to the local anatomical and circulatory features of the tissue con- 
cerned, a fairly accurate estimate of its physiological activity can be 
obtained. 

Two particular points must be mentioned before proceeding to the 
next section. Hinman and Lee-Brown find that at a certain low pres- 
sure in the kidney pelvis its contents can escape into the kidney venules, 
and Mautner, and Arey and Simonds, find the hepatic vein radicles in 
the liver are very muscular, and hence of importance in relation to cer- 
tain kinds of shock, in which they constrict and cause hepatic enlarge- 
ment and tissue damage. 

ANATOMICAL AND PHYSIOLOGICAL CONSIDERATION OF THE SEPARATE 
ELEMENTS OF THE VEIN-WALL. a. The endothelium. The anatomical 
details can be found in (144), (143), (49), the comparative anatomy in 
(152). The physiological importance of the endothelium in the large 
veins consists in its efficiency as a smooth lining, the surface of which 
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does not easily impede the passage of the blood-stream and which offers 
no irregularities to which cells or masses of cells can adhere (49). As it 
is a living membrane, it may also have important effects on the blood, 
and account in part for differences between blood in vivo and blood in 
vitro. It is, however, in the smallest veins that it must play its most 
important part. These are very like capillaries in structure (96), (83), 
and are, unlike the smallest arteries, devoid of smooth muscle. The 
work of Heimberger suggests that they behave to some extent very 
like the capillaries, and as these latter, at all events in some cases (61), 
are dependent on endothelial contractity without the help of Rouget 
cells, the venule endothelium is probably also a considerable factor in the 
peripheral resistance. The nutrition of the inner part of the vein-wall 
is also said to be conducted through the endothelium, and endothelium, 
it is claimed, can synthesize protein (81). 

b. The connective tissue (apart from elastic tissue). This as arule differ- 
entiates the venule from the capillary and the small arteriole (96), 
although in some cases, for example, in the human skin, the venule may 
be devoid of adventitia for some distance from its capillary origin. The 
connective tissue, being relatively more abundant in veins, may have to 
do with the fact (162), (76) that veins have a higher internal bursting 
pressure than arteries. The function of the connective tissue is probably 
largely supporting and strengthening; it may have slight elasticity 
(148). 

c. The elastic tissue. Anatomical observations on the giraffe’s 
carotid suggest that the function of elastic tissue is an extra-nervous one 
of accommodating sudden variations in volume, and effecting a return 
to normal calibre of the vessel when the distending influence is no longer 
present (69). Carey (42, p. 476) finds elastic tissue the response to 
intermittent supermaximum traction in his bladder experiments. Veins 
do not have a great amount of elastic tissue, but normally they are not 
subject to great distending influences. The elastic tissue seems to vary 
in amount with the size of the animal. The fibres may run transversely, 
obliquely or longitudinally. 

The elasticity of veins has been investigated by Braune (22), Bar- 
deleben (9) and MacWilliam (120). The exact form of the curve is not 
finally settled, but from a physiological point of view the important 
thing is that in normal persons, who are not too old, the veins possess 
sufficient elasticity for all the calls that may be made upon them (9), 
(71). See also (148) and (151). 

d. The smooth muscle. Ina given vein this may be either longitudinal 
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or transverse, or both, or it may be absent altogether. Bardeleben has 
suggested that the longitudinal acts on contraction as a veno-dilator, 
the circular as a veno-constrictor (8). The distribution of the muscular 
tissue is therefore important. In the portal vein area Képpe found 
three subdivisions: 

1. An area with strong inner circular and outer longitudinal muscle— 
the trunk of the portal vein and its branches up to the beginning of the 
long and short intestinal veins. 

2. An area with strong inner circular muscle and less outer longitudi- 
nal muscle—the long and short intestinal veins. 

3. An area without muscle—the rete in the intestinal submucosa. 

As the vein approaches the intestine, the longitudinal muscle de- 
creases: as it enters the liver and splits up the circular muscle decreases. 

It is interesting to note that circular muscle is the variety found in the 
pulsating veins of the bat’s wing (106). 

So far as it has been investigated, the smooth muscle of veins seems 
to react as does other smooth muscle (65); Lovatt Evans’ review can 
therefore be consulted for its probable general reactions (58). 

e. The nervous elements. A large amount of evidence exists regarding 
the presence of sympathetic fibres to veins, and a certain amount for 
afferent fibres, but there is no direct evidence for parasympathetic 
fibres; antidromic effects on certain veins have also been recorded 
similar to those on arteries (97). Woollard (see also 26) finds the limb 
veins innervated proximally by nerves derived directly from the aortic 
plexus and distally by contributions from the adjacent nerve trunks. 
Afferent medullated nerves are found most abundantly on the periph- 
eral vessels, and end not only on the vessels, but in the adjacent 
tissues, thus perhaps providing an anatomical basis for axon reflexes. 
Both medullated and non-medullated nerve fibres end outside the cells 
of the effector apparatus. Woollard saw no ganglion-cells, thus agree- 
ing with the majority of previous writers (see 144). Karfunkel, in 
examining the nervous apparatus of the veins of the bat’s wing, thought 
he saw ganglion-cells in it, but he could not see the final nerve-endings. 
For a description of the plexuses in the vascular wall Prenant and Bouin 
and Woollard should be consulted. Woollard thinks that nociceptive 
impulses can probably arise from the smaller veins. Keith finds pain 
caused by over-filling (108), Odermatt that ligature of veins does not 
directly cause pain. 

f. The vasa vasorum. These are found in vessels of not less than 1 
mm. in diameter (143), (144). The blood from one arteriole is collected 
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by two venules. The vasa are usually only in the adventitia, but in 
certain large veins the media is also normally penetrated by the capil- 
lary network. According to Cadiat, the vasa vasorum in veins reach 
as far as the elastica of the tunica intima, and likewise in the endocar- 
dium, while in the arteries they only extend to the outer border of the 
media. Muron found copious capillaries in the media 36 hours after 
the onset of inflammation. Their general direction was longitudinal, 
between the muscle bundles, with horizontal anastomoses. The size 
in the inflamed condition was 0.015 to 0.030 mm. No capillaries were 
seen in the intima. The blood is collected by small veins emptying 
directly into the lumen of the large vein in which they course (143). 
Compared with arteries, veins are more richly supplied with vasa 
vasorum (56), possibly because of the greater desaturation of the blood 
in the lumen of the vessel, in whose walls they run. 

g. The lymphatics. These are situated in the adventitia. It has 
been possible to trace them in some vessels to the subendothelial region 
(144). They are represented by spaces both within the muscular tissue 
and beneath the endothelium (143). 

h. The venous valves. A full account of these is given in (66). 

THE EFFECTS OF NERVE STIMULATION ON VEINS. In 1831 Hilde- 
brandt remarked that a rapid venoconstriction could be caused by cold, 
fright or horror. In 1839 Roden stated that veins are possessed of ‘‘a 
peculiar property, termed insensible contractility or tonic power.” 
Gubler in 1849 found that veins possessed contractile power, and re- 
sponded to tapping by constriction, followed by a very localized dilata- 
tion. Kd6lliker (152), in the same year, stimulated the saphenous veins 
of an amputated limb with an electromagnetic apparatus and caused 
contraction. Salter gives details of the innervation of certain veins. 

Since then much work has been done on the effects of nerve stimula- 
tion. Mall showed that stimulation of the spinal cord or splanchnics 
caused contraction of the portal and mesenteric veins; the spinal cord 
had the greater effect, and still retained some even after splanchnic 
section (122), (123), (126). Bayliss and Starling showed that the 
portal veno-constrictors leave the cord in the nerve-roots from the 3rd 
to 11th thoracic, both inclusive, but especially in the 5th to 9th. The 
intestinal peripheral resistance relaxes before the hepatic resistance 
with a corresponding rise in portal pressure. Burton Opitz (33) found 
the splanchnic was a splenic venoconstrictor, and that stimulation of 
the hepatic plexus contracted the hepatic radicles (35). Hooker ob- 
tained constriction of the veins from the sigmoidal area of the large 
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intestine on stimulating the post-ganglionic fibres from the inferior 
mesenteric ganglion (94). This effect could also be produced reflexly, 
but was then less in degree. Cleland and Tait find that non-medullated 
fibres accompany the phrenic nerve for the innervation of the splenic 
vein: they pass through the coeliac ganglion without forming a synapse. 

The veno-constrictor nerves of the hind limb have been studied by 
Thompson, Bancroft and Duccheschi. Thompson stimulated the scia- 
tic or crural nerve, and recorded contractions of isolated lengths of the 
superficial veins in dogs. Most of his rabbits gave similar results on 
sciatic stimulation; in three of them stimulation of the upper cervical 
cord caused contraction of the superficial veins of the abdomen. Ban- 
croft found that stimulation of the sciatic resulted in contraction of 
lengths of superficial vein. These were between 30 and 70 mm. in the 
rabbit, and more in the cat. The nerves leave the cord in the Ist to 4th 
lumbar segments, usually in two only, especially in the 3rd, and go by 
way of the rami of the 6th and 7th lumbar and Ist and 2nd sacral 
to join the sciatic. 

Duccheschi found that sciatic or crural stimulation caused a rise 
of pressure in cats’ and dogs’ femoral veins after the artery had been 
ligatured. 

Donegan made an extended investigation into the venoconstrictor 
nerves of the dog, cat and rabbit. He divides the veins into three 
classes: 

a. The superficial veins. In the hind-limb these receive sympathetic 
fibres from the 2nd to 4th lumbar nerves, chiefly by way of the 7th 
lumbar and Ist sacral ganglia: in the fore-limb from the 6th to 8th 
thoracic, with cell-stations mainly in the stellate ganglion. They react 
differently in different individuals, some requiring only weak, some 
protracted, stimulation. These veins were not found to react to the 
usual vascular reflexes, but they probably take part in thermal reflexes. 

b. The mesenteric veins. These are supplied with sympathetic nerves, 
whose cell-stations are in the ganglia of the solar plexus and in the in- 
ferior mesenteric ganglion. They are influenced reflexly in the same way 
as the arterioles. 

c. The veins from the muscles and the vena cava. No effect was found 
in these. 

Adrenalin causes marked contraction in groups a and b but is prac- 
tically inert in those of group c. 

Finally. reference may be made to the work of Horiuchi, who found the 
cutaneous veins of the hind limb of dogs supplied with an antidromic 
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vaso-dilator mechanism from the posterior roots of the 7th lumbar and 
ist and 2nd sacralsegments. Reflex dilatation was effected by inhibition 
of constrictors or stimulation of dilators. The inferior mesenteric vein 
in the same way was found to receive dilator fibres from the posterior 
roots of the 12th and 13th thoracic segments, but none from the vagi. 

Apart from reflexes already mentioned, Briscoe noted that if one 
hand is placed in cold water, the veins of the other hand contract in a 
few seconds, regaining their colour in 10 to 30 seconds. 

Bainbridge found that a reflex acceleration of the heart-beat followed 
increased venous return, but more recently De Graff and Sands have 
brought forward evidence against his views. 

THE EFFECTS OF DRUGS ON VEINS. The smallest veins, which are 
very similar to capillaries in structure, react to adrenalin and pituglandol 
by a constriction, which is of long duration, and may completely prevent 
any inflow from the capillaries (83). Hooker has shown (95) that the 
venules are constricted by adrenalin or sympathetic stimulation, and 
Florey and Carleton, and Feldberg, find, as he does, that they are 
dilated by histamine. The venules also contract under mechanical 
stimulation (83), (121). Slightly larger veins contract, but not com- 
pletely, under the influence of adrenalin and nicotine, while local appli- 
cation of tincture of iodine gives a slight transient dilatation. These 
veins are less reactive than the corresponding arteries (3). Other veins 
that have been studied have almost invariably reacted to adrenalin 
by contraction (137), (132), (135), (40), (34), (35), (78), (48), (55), (47), 
(128), (64), (115), but there is variation in the degree of response given 
by different veins. In addition to simple increase in tonus, rhythmical 
contractions have been caused in the quiescent superior vena cava ring 
by the addition of adrenalin (78). This ring was taken from near the 
auricle, where the vein has an investment of cardiac muscle, and the 
contractions were cardiac in rate. Slower rhythmical contractions, 
about two a minute, have been seen in vein rings as a result of the addi- 
tion of adrenalin, histamine and ergotoxine (64). The difference in 
the effects of histamine on venules and veins is probably to be correlated 
with their differences in structure. 

Carbon dioxide relaxes veins (82), (92), (93), (64) and abolishes pulsa- 
tions, tone waves and tone; oxygen restores these (93). Alkalies above 
a certain concentration cause contraction (1), (64), and in high concen- 
trations, probably not met with in vivo, relaxation (64). Acids vary 
somewhat (1), but their first effect is to cause relaxation, and then, as 
their strength is increased, contraction (1), (64). 
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Other drugs have been investigated. Hooker found vascular tone 
increased by calcium ions, decreased by sodium and potassium ions and 
urea (92). Oliver found pituitary extract caused moderate contraction, 
Inchley that histamine contraction of veins is largely responsible for 
capillary dilatation, Harmer and Harris that the same drug is a moderate 
constrictor of the veins on the back of the hand. Franklin (64) sum- 
marizes a number of vein-ring experiments. In these contraction was 
caused by alcohol, barium, calcium, large amounts of chloral hydrate, 
digitalin, ergotoxine, ether in some cases, histamine, nicotine, potassium, 
pituitrin and strophanthin. Relaxation was caused by adrenalin after 
ergotoxine, small amounts of chloral hydrate, ether in some cases, 
nitrite and urethane. No effect was caused by atropine, acetyl-choline 
or pilocarpine, nor did any follow apocodeine, caffeine, theobromine, 
diuretin, cocaine, magnesium, quinidine or strychnine. From Adler’s 
results on different preparations must be added to this list lead acetate 
and nitrate as constricting agents, potassium iodide and bromide as 
causing temporary spasm, and hypertonic sodium chloride as a relaxing 
agent. Morita found that caffein, calcium chloride, sodium oxalate and 
nicotin contracted the portal hepatic radicles in the frog; that histamine, 
de Witte’s peptone, barium chloride, calcium iodide, sodium nitrite and 
amyl nitrite relaxed these vessels. Details of the concentrations used 
and the methods employed must be consulted in the original papers. 
It is to be noted that the parasympathetic drugs have up to the present 
shown no effect. 

Brouha found that certain amino-acids relaxed vein rings, but he used 
very large amounts of the acids. Franklin, working with a larger 
number, and more physiological quantities, found the effects not very 
marked, and corresponding fairly well with the acid-base qualities of the 
various acids (67). It is probable that in the blood, with its more 
efficient buffering, these effects are very small, if existent at all. 

Drugs which increase the tonus of the vein-muscle tend to cause the 
appearance of rhythmic contractions in veins which exhibit this charac- 
teristic in vivo or in vitro; if rhythmicity is already manifest, they 
increase its rate or strength. Influences tending to decrease tonus act 
in the opposite way (104), (106), (54), (93), (46), (94). These results 
do not apply absolutely to the veins of the bat’s wing. 

One substance which, added to Ringer’s solution, will raise the tonus 
of vein rings, and, in certain veins, evoke rhythmic contractions, is 
blood-serum (63), (67). While much work has been done to elucidate 
the intimate nature of the vasoconstrictive agent (e.g., 164, 102, 90, 
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147, 19), the only point on which the authors quoted agree is that the 
substance is not adrenalin, which is present, in any case, in only very 
small concentration in the circulating blood (99). 

THE EFFECTS OF CHANGES OF TEMPERATURE. Within physiological 
ranges, increase of temperature increases the rate of rhythmic move- 
ments (54), (106). Rhythmic contractions of mesenteric and other 
vein rings do not commence until a temperature of about 32°C. is reached, 
after which further rise increases their rapidity and often, though not 
always, their size, which sometimes, indeed, diminishes (67). When 
one comes to consider non-rhythmic veins, one is faced with conflicting 
opinions. Natus finds that cold contracts veins, and Anitschow that 
warmth dilates the veins of the isolated ear of the rabbit, while relaxation 
on heating from room to body temperature has been the usual finding in 
the writer’s own vein-ring experiments. MacWilliam, however, found 
strips of jugular vein gave a rapid shortening from 14 to 30°, a more 
gradual one to 60 or 65°, and a rapid one again up to above 70°. On 
cooling there was elongation, but not to the original length. If the 
heating was only carried to 40°, full elongation was obtained on cooling. 
Roskam, using quadrangular pieces cut either in the long axis or trans- 
versely from internal and external jugular and femoral veins, found that 
a rise of temperature from 0 to 48° resulted in a decrease of length or 
lumen. Between 48 and 55 to 60° there was a smaller decrease, and 
beyond this again a sharper decrease. Sometimes about 48° there was 
a slight relaxation. These conflicting results are probably not due to 
histological differences between veins, because the writer has used jugu- 
lar and femoral veins and found relaxation between 15 and 37°. It has 
been shown (58, p. 375) that smooth muscle is stimulated by sudden 
alteration of temperature, while gradual change has the opposite effect; 
it may be that this factor is concerned here. 

PULSATION IN VEINS. Rhythmical contractions of cardiac rate occur 
in the veins near the heart, the venae cavae and pulmonary veins. 
Allison gives his own results from several hundred experiments and a 
very full account of previous work. Other writers have since described 
this rhythmicity (27), (78), which is not dependent on the heart, and 
can continue for a long time in the excised veins. In the eel the normal 
contraction of the heart begins by a distinct simultaneous beat in the 
right and left jugular veins near their termination in the sinus (119). 
This rhythmic power is inhibited by the vagus. In the same animal 
Marshall Hall described a caudal venous heart, into which the blood 
flows in a regular stream, and which it leaves in an intermittent stream. 
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The veins of the bat’s wing pulsate, the pulsation again being independ- 
ent of the heart and central nervous system (104), (106), (85), (118), 
(43). Most of those who have worked on these veins regard them as 
an adjuvant to the circulation, expecially as they are well provided with 
valves, but Carrier throws some doubt on this. Hooker (93) found 
rhythmicity in certain vein rings from cold- and warm-blooded animals, 
and the present writer has observed rhythmical contractions without 
drugs in mesenteric vein rings of sheep, calf and rabbit, splenic, iliae 
and renal of sheep, and abdominal vena cava and renal of the rabbit. 
Those of the sheep’s mesenteric are the most powerful, and occur 
about twice a minute. The contraction is rapid and relaxation slow. 
No rhythmicity was observed in the frog’s mesenteric veins in situ, and 
Wharton Jones failed to discover any in the same veins in the mouse. 
Mall found that occasionally, when the pressure rose to 5 or 10 mm. Hg, 
the dog’s distended mesenteric veins suddenly became smaller and 
increased the outflow (125). The cause of rhythmicity in veins is not 
at present elucidated. Schiff saw pulsation in the rabbit’s ear veins 
(70). 

Through capillary dilatation (109), (145), (89), (160), (161), (70) pul- 
sation can come through to the veins from the arterial side even in nor- 
mal persons. Palmer (footnote, p. 227) found a pulsation in theveins 
of a frog’s leg on increasing the tension in the veins. 

In disease pulsation can occur in veins as a result of the action of the 
right heart, with or without (16) incompetent venous valves, as a result 
of capillary dilatation, through the action of a neighbouring artery, or 
aneurysmal varix. In no instance is there evidence of the pulsation 
being a property of the vein-wall, although this possibility is not elimi- 
nated in some cases. A summary of some of the literature is given by 
Krestin. 

THE VENOUS RETURN TO THE HEART. Apart from the vis a tergo and 
the respiratory movements, the return of blood from the limbs is assisted 
by muscular contraction in association with the venous valves, and by 
mechanisms described by Ozanam and Braune. The venous valves 
are especially numerous in the extremities, and in the muscular veins 
they are more numerous than in the superficial. The anastomoses of 
deep and superficial veins in the limbs are also such that the blood flow 
is directed from the skin into the deeper parts. Wood Jones states that 
venous channels through muscle are multiple, but that on emerging into 
intermuscular spaces they unite to form single channels again. As a 
result the force exerted by the muscle on the venous bed is greater (103). 
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Raciborski compares the relation of muscle and veins to “une éponge 
pleine de liquide dans une main vigoreuse qui la serre.’’ Braune analyses 
the positions of maximum stretching and relaxation of the various large 
veins of the body, and concludes that the condition of maximum exten- 
sion is reached when the head is bent back, the fists clenched, hands 
(volar) flexed, arms extended on a level with the shoulders and carried 
backwards, legs opened out and rotated outwards at the hip, and knee 
and foot extended. The opposite position is fingers extended, hands 
dorsiflexed, arms folded on the chest, head and trunk bent, thigh flexed, 
adducted and rotated inwards, knee bent, and foot dorsiflexed. This 
he aptly calls the foetal position. Owing to the valves, any movement 
which changes the part or whole from the second to the first position will 
assist in the venous return. The position of the lung is the expiratory 
in the relaxed, the inspiratory in the stretched condition above (20-22). 

Ozanam was the first to draw attention to the effect of the pulsation 
of arteries on their accompanying veins, especially where a common 
sheath encloses the vessels. It may also be that arterial inflow into a 
relatively inextensible extremity assists the venous outflow, as it must 
do in the inextensible cranial cavity. Gravity (87) assists the return 
from the head in the upright position, and the orifice of the vena cava in 
the right auricle is so arranged that the blood is directed into the auricle 
and not down the inferior vena cava. The inferior vena cava is pro- 
tected from the weight of the liver and abdominal organs by the Spige- 
lian lobe of the liver, resting against the vertebral column. 

The influence of the respiratory movements on the venous return is 
fully discussed by Mettenleiter. He adds the important finding already 
referred to above, namely, the increase in capacity of the elastic thoracic 
portion of the inferior vena cava on descent of the diaphragm. 

The portal circulation is unique in lying between two sets of capillaries. 
Several mechanisms have been suggested as aiding in the venous return 
from this region, the vis a tergo, the respiratory movements, the rhythmi- 
cal contractions of the spleen and others. Mall mentioned the possi- 
bility of intestinal contraction, aided by the valves (described by 
K6ppe) in the intestinal veins, but did not finally prove hisidea. Usadel 
has recently shown that the intestinal contractions do definitely increase 
the blood-flow through the mesenteric veins. 

GENERAL REMARKS. No particular references have been made in 
this review to venous pressure, as that subject has been recently dealt 
with by Eyster (59), nor to the venous valves, as they are also treated 
of in extenso elsewhere (66). Valves occur chiefly in the veins of the 
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extremities, especially in the deeper veins, and are relatively deficient 
in the large veins of the abdomen and thorax. Their main functions 
are to give irreversibility of direction to the blood, to prevent back-flow, 
and in connection with muscular movements to assist the venous return; 
they also have certain subsidiary functions. They are not anti-gravity 
mechanisms. Keith (107) describes a venous cistern formed by the 
great veins of the thorax and abdomen, and limited by valves, of which 
the jugular ones are insufficient. The contractions of the abdominal 
wall, by acting on this cistern, can affect the amount of blood returned 
to the right heart. The right auricle itself is the weakest part of this 
cistern in structure, and too great a compression might cause its dilata- 
tion. This is counteracted by the pericardium, and by the fact that at 
anything over reasonable pressures the rudimentary valvular apparatus 
over the entry of the superior vena cava becomes incompetent. The 
blood can then flow into the jugular vein, the incompetency of the 
valves in this vein probably saving much strain on the right auricle. 
The incompetency of the right auriculo-ventricular valve, when the 
pressure in the right ventricle rises too high, is a safety-valve preventing 
damage to the lung vessels, so that this valve, as Struthers remarked, is 
“perfect in its imperfection.” 

The rate of blood-flow in various veins has been described by Cyon 
and Steinman, Zuntz and Cohnstein, and Burton-Opitz (33). The 
reactions of the superficial veins of the skin are discussed in Lewis’ 
recent book (117). The veins of the splanchnic area probably play 
an important part in the response of the circulatory system to changes 
in posture. 

Attention has in recent years been focussed on parts of the circulatory 
system other than veins. It is hoped that the present review may be of 
service in providing a brief summary, not elsewhere accessible, of the 
literature on the venous system. 

In concluding, the writer freely acknowledges his indebtedness to 
Prof. J. A. Gunn for constant encouragement in the study of a subject 
to. which he has himself made valuable contributions. To Sir Archibald 
Garrod, Mr. R. H. Burne, Prof. Lovatt Evans and to many others, 
whose help is not forgotten, even if they are not mentioned by name, his 
thanks are also due. 

It is a pleasure to make some return, if only in words, to Mr. Victor 
Plarr, Mr. Powell, Mr. T. Gambier Parry and to Mr. Ford and his 
assistants, for facilities extended at their respective libraries. 
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THE DIGESTIVE WORK OF THE STOMACH 


B. P. BABKIN 
Department of Physiology, Dalhousie University, Halifaz, N.S. 


The importance of the stomach in the scheme of internal economy of 
man and the higher vertebrates can hardly be overemphasized. A mere 
enumeration of the functions of the stomach shows not only how mani- 
fold they are, but also how important they are for the normal activity 
of the alimentary tract and of the whole body. The list of these func- 
tions is as follows: 

The stomach serves as a reservoir for the food. It regulates the pas- 
sage of the food into the duodenum. It produces a physical change of 
the gastric contents transforming them into a fluid or semi-fluid state. 
Different foodstuffs undergo important chemical changes in the stomach. 
Thus native proteins are reduced to albumoses and peptones, and caseino- 
gen is transformed into casein. Fat undergoes digestion in the stomach 
partly by means of the gastric lipase, but chiefly by the lipase of pan- 
creatic and intestinal juices and of the bile which have regurgitated into 
the stomach. The hydrolysis of starch by carbohydrate enzymes of the 
saliva is proceeding in the stomach. The temperature of the ingested 
food is regulated. The acid of gastric juice is neutralized by regurgitat- 
ing duodenal juices in the cavity of the stomach and thus the duodenal 
mucous membrane is protected from injury. The ingested food is to 
a certain degree sterilized by the hydrochloric acid of the gastric juice, 
and the duodenum and the upper part of the jejunum are more or less 
free of bacterial flora. The surface epithelium of the stomach protects 
the gastric and intestinal mucous membrane from irritant substances by 
secreting mucus. If we add to these functions of the stomach the influ- 
ence of its activity on the acid-base equilibrium of the blood and chlor- 
ine metabolism it would be clear that the stomach is an extremely im- 
portant organ (1). Life is possible without the stomach but animals 
(Fremont, 2; Frouin, 3; London, 4; Van Calcar, 5; Lim, Ivy and McCar- 
thy 6, and others) and man (Devermann, 7; Heilmann, 8), deprived sur- 
gically of the stomach are invalids. They may continue to live but 
under special care only. Even the disturbance of one single function 
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of the stomach, i.e., secretion of gastric juice, as it happens in achylia 
gastrica, produces important changes in the function of alimentary canal 
as well as of the whole body. 

Can we speak about a “hygiene” of the stomach? Is there a regular 
care of normal stomach, based on scientific data? The books on die- 
tetics usually pay great attention to gastric digestion in infants and chil- 
dren, carefully discuss the nutrition in sickness, and spend few words 
discussing the function of the stomach in normal adult persons. Briefly 
we can hardly speak of a “hygiene’’ of the gastro-intestinal tract. A 
man takes more care of his skin than of the mucous membrane of his 
alimentary tract. What impression must a reader get from the follow- 
ing passage from the Lectures in Dietetics, Saunders & Co., 1922, by the 
well-known specialist, Max Einhorn? Discussing the problems of 
nutrition in different countries, Einhorn says (p. 40): “The best way is 
not to change the custom of the country, but to do what others do. The 
majority rules. Don’t try to do better than the others. Go along with 
them and you will be all right. That is the best rule.” 

With full respect for the customs of other countries and with love for 
the customs of his own, the writer of this review cannot agree with these 
opinions. Who does not know that every nation has and is proud of 
some almost inedible dish? The time for the meals and food preferred 
in many countries have very little to do with the real needs of the body. 
Even in the middle and upper classes, without the problem of under- 
nourishment, they are chiefly imposed by demands of business hours, 
distance of the office from the home, and to some extent by traditions, 
the only value of which is that they are old. 

IMPORTANCE OF THE PROTECTION OF THE GASTRIC MUCOUS MEMBRANE 
FROM DAMAGE. The mucous membrane of the stomach, however, is 
worth protecting from unnecessary damage. [Every-day experience 
shows that old people not only consume less food, which may be ex- 
plained by the diminution of their metabolism and weakening of con- 
ditioned gastric reflexes, but prefer soft and easily digestible food to 
more heavy foods. This may be partly due to the absence of teeth but 
clinical observations, although not always agreeing, indicate that the 
secretion of gastric juices diminishes in old age (9). Thus Dedichen 
(10) examined the gastric contents in over 100 apparently healthy per- 
sons between the ages of 87 and 92. In four-fifths of the men and three- 
fifths of the women an achlorhydria was found. Hyper-acidity was 
very uncommon. The emptying of the stomach was abnormally rapid. 
Moreover even in early periods of the life the secretory functions of the 
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gastric glands may be greatly diminished or absent. One may speak 
of an “‘achylia gastrica simplex.”’ This underfunctioning of the gastric 
glands is chiefly due to certain functional disturbances of the body and 
is called by German authors “Konstitutionelle Achylie’ (11). One 
more point must be discussed in connection with the stability of the 
gastric mucous membrane. It seems that a new formation of peptic 
cells in adult life is very rare. In the peptic glands are now recognized 
three kinds of cells—peptic, oxyntic and mucoid cells (12), or ‘“‘Zwis- 
chenzellen” (13), or ““Nebenzellen” (14). Lim recognizes in the mucoid 
cells a definite variety of the gastric gland-cells. ‘These cells, however, 
are closely allied to the peptic cells to which they give rise in early and 
perhaps in later life. This last opinion is not completely shared by 
Zimmermann. While he admits that the ‘‘Nebenzellen” (‘‘mucoid 
cells” of Lim) may in embryonic life give origin to the “Hauptzellen”’ 
(peptic cells), he considers that this process rarely occurs in the adult. 
Zimmermann is inclined to think that the “Nebenzellen” are rather 
permanent cellular forms. 

It is worth mention also that according to the well-known London 
specialist, MacLean (15), cancer of the stomach usually occurs in persons 
with a perfect digestion. Comparatively rarely does one get any pre- 
vious history of digestive troubles. MacLean makes the suggestion 
that the individuals with “strong digestions” do not pay great attention 
to the amount of food they introduce into the stomach, or to the careful 
mastication of it. As a result an irritation is set up especially in the 
pyloric region. On the other hand the patients with dyspepsia and gas- 
tric ulcer, among whom, according to MacLean, cancer occurs but 
rarely, are obliged to choose their food and to masticate it carefully. 
Hoelzel (128) believes that the decrease in the acidity of the fasting 
gastric secretion by using moderately large quantities of protein is chiefly 
due to a fatigue of the gastric secretory mechanism or a limited secre- 
tory capacity. Functional rest raises the gastric acidity again. Accord- 
ing to Lim and Liu (129) the oxyntic cells of the gastric glands cannot 
be fatigued. The possibility of the fatigue of peptic cells, however, is 
not excluded. 

All these data show that the most important part of the gastric 
mucous membrane, the peptic cells, are not a very resistant formation, 
and probably without a well developed power of regeneration. Even 
if the everyday damages of the gastric mucous membrane are not signifi- 
cant, yet in the long run they will produce their ill effect. 

THE WORK OF THE STOMACH. Like every other organ in the body, 
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the stomach is able to maintain its normal functions if it performs a 
reasonable amount of work. Insufficient work leads to diminution of 
function, atrophy, etc., of the organ. Excessive work results at last in 
destruction of the tissues. Therefore the amount of work performed by 
the stomach in digestion has a great importance both in normal and 
pathological conditions. 

An attempt will be made in this review: /, to point out that a certain 
amount of work is done when the stomach secretes gastric juice or pro- 
pels food, and 2, to show that our present state of knowledge of these 
activities allows us to a certain degree to regulate this work. Only the 
influence of exogenous stimuli of normal gastric secretion and motility 
upon the activity of the stomach of higher vertebrates and man will 
be discussed in this paper. ‘‘Training”’ of the stomach toward certain 
alimentary régimes especially in the young is a separate and important 
problem, which cannot be discussed here (ef. Hutchinson, 16). 

What are we to understand by the work of the stomach? Not all 
the functions of the stomach, as enumerated above, result in production 
of work. But in the following cases the stomach does work: 

a. Movements of the stomach. ‘Work is accomplished when force is 
overcome through space, or, in other words, work is the product of 
force and space” (17). This determination of work may be easily ap- 
plied to the activity of the muscular walls of the stomach which mix the 
food masses and propel them into the duodenum. 

b. Secretion of pepsin and c, Secretion of hydrochloric acid. In both 
cases the gland-cells perform work because work is done whenever a 
solution, containing any number of substances dissolved, is separated 
into two or more parts of different concentration (Barcroft, 18). This 
is applicable to any gland cell. To this must be added that secretion of 
pepsin is an active process and not a mere washing out of accumulated 
zymogen granules from the cell by a stream of fluid. This is evident 
from the fact that the same amount of gastric juice may contain differ- 
ent amounts of enzyme. Proofs, however, must be furnished that dur- 
ing the display of such trophic influences work is done by the cell. 

The same is true concerning the formation of the hydrochloric acid. 
The acidity of the gastric juice may change independently of the rate of 
its secretion (19), (20), (21), (22), (23), (24), (25). 

We know very little about the secretion of “mucoid” cells (25), but 
their function is probably governed by the same law as the function of 
peptic cells. 


d. Secretion of mucin. The possibility of expelling mucin from the 
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cells by contraction of a special protoplasma framework with a ‘“‘Diplo- 
soma’’ in its middle must be taken into account (14), (26). In this case 
work will be done by the mucous cells. 

e. Restoration during rest of secretion as discharged by the cells during 
their activity may also require a certain work from the secretory elements. 

Therefore the stomach is accomplishing work in secreting juice and 
moving food masses. We have no direct methods to determine the 
work done by the stomach. To approach this problem one may get 
a relative idea of the work of the stomach by determining the amount of 
gastric secretion and its enzyme content during a certain period of gastric 
activity. In such cases the work done will be proportional to the amount 
of gastric juice and its enzyme content. In many investigations (e.g., 
those performed in Pavlov’s laboratory) the digestive power of the gas- 
tric juice was determined by the Mett’s tubes method. Under the 
strength of the juice one must understand the square of the number of 
millimeters of the column of digested protein (Schiitz-Borisov’s law). 
By the total quantity of ferment units one understands the product of 
the strength multiplied by the quantity of juice in cubic centimeters 
(27). Thus if two food substances equivalent in their nutritive value 
provoke different quantitative and qualitative secretions of gastric 
juice, if, in other words, the peptic cells under such circumstances pro- 
duce different amounts of ferment units, we have the right to speak 
about different amounts of work accomplished by the peptic glands. 
The same deduction holds good for the movements of the stomach: 
the stronger they are and the longer they continue—the greater is the 
work done by the muscles of the stomach. 

To this must be added, as Pavlov (27, p. 231) has already pointed out, 
that “the digestibility and nutritive value of foods must obviously be 
decided by an estimation of the real work which they entail upon the 
digestive apparatus, in regard both to the quantity and the quality of 
the juices poured out on a given amount of nutrient material. The 
energy used up on gland metabolism must be deducted from that of the 
food taken in. The remainder will then indicate the value of the food 
to the organism, that is to say, will give the amount available for use by 
all the other organs exclusive of the digestive organs.”’ 

Thus, e.g., the hourly output of nitrogen in the urine during the first 
seven to ten hours after a meal of milk was increased from 12 to 15 
per cent compared with the excretion before the ingestion. In case of 
bread with an equivalent amount of N the increase amounted to 50 per 
cent (28). ‘In other words, the price which the organism pays in 
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digestive work for the nitrogen of milk is much less than for other food’’ 
(27 p. 230). 

The above discussion emphasizes the importance of the regulation of 
the work of the stomach in normal conditions. This problem is differ- 
ent from the problem of nutrition or establishment of a normal diet based 
on the principles of metabolism, which is described in so many works and 
so admirably in G. Lusk’s The elements of the science of nutrition. 

FacTORS AFFECTING GASTRIC SECRETION AND GASTRIC MOTILITY. 
Before discussing the influence of different foodstuffs on the work of the 
stomach, it is necessary to mention briefly the chief factors affecting 
gastric secretion and also the gastric motility under normal conditions. 
This will help us to understand the action of such complex agents as 
different foodstuffs, and to judge of the work done by the stomach in 
any particular case. 

a. Conditioned reflexes. The gastric secretion may be provoked by 
certain conditioned stimuli (sight, smell, etc., of the food), i.e., from any 
indifferent agent may be formed a positive conditioned reflex of the gas- 
tric glands. The mechanism of the formation of gastric secretory 
reflexes is the same as the mechanism of the formation of salivary 
conditioned reflexes (Pavlov, 29, p. 16). This was demonstrated by 
Zitovich (30) on puppies fed for a long time with milk only. 

The meaning of the conditioned gastric reflexes for gastric digestion 
was fully discussed long ago by Pavlov (27), under the name of ‘‘psychic 
gastric secretion.” They were observed and produced not only in 
animals but in man too (31), (32), (33), (34), (85), (21), (36), (37). 

The inhibition of gastric secretion and motility by certain stimuli 
usually called “‘unpleasant, unfavourable” has been demonstrated in 
animals and man (38), (39), (40), (41), (42), (87). The phenomenon 
of cortical inhibition of gastric secretion justifies the supposition that 
inhibitory conditioned reflexes on the gastric glands in the sense of Pavlov 
(29, pp. 106-107) may be produced. ‘This occurs when a neutral stimu- 
lus is applied simultaneously with an inhibitory stimulus. After several 
applications of this combination the latter also develops an inhibitory 
function. 

A further proof that the hemispheres may influence the gastric secre- 
tion is the probability of a hypnotic suggestion of gastric secretion or 
its inhibition (43), (44), (45), (46). 

The enzyme content of gastric juice secreted under the influence of 
conditioned stimuli is different for different foods, and corresponds to 
the enzyme content of the juice obtained by ingestion of the same sub- 
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stances (mere showing of milk—gastric juice poor in pepsin, showing of 
bread—juice rich in pepsin) (47). 

Since during the secretion of gastric juice the peptic glands do a 
certain amount of work the importance of developing and maintaining 
proper conditioned reflexes is obvious. The modern urban population, 
with their highly developed and complicated system of conditioned 
reflexes, living a strenuous and artificial life, may, e.g., very easily get 
an inhibition of conditioned reflexes. Asa result of this the work of the 
peptic glands will not be adequate and food will not be properly digested. 
Katsch (48) is fully justified in speaking of the necessity of working out 
the problem of ‘‘conditioned neuroses” of the stomach. 

Allthe above discussion may be applied to the motility of the stomach, 
because the hemispheres may influence the motor function of the stomach 
in a positive and in a negative sense (49), (41), (43). 

b. Unconditioned reflexes from the mouth cavity. The mere chewing of 
palatable substances produces a gastric secretion. This statement is 
not confirmed by all investigators, but the majority of authors are of this 
opinion. Recently it has been supported by Carlson (21, p. 240), Miller, 
Bergeim, Rehfuss and Hawk (36), Bauer and Schur (50). The possi- 
bility of conditioned gastric secretion must not be forgotten in the ex- 
periments, especially in man, with chewing of indifferent substances. 

“Sham-feeding” gastric juice is very rich in pepsin. A very short 
sham-feeding (5 to 10 minutes) may activate the gastric glands for two 
to three hours. ‘Therefore the conditioned and unconditioned reflexes 
on the gastric glands play an extremely important part in gastric di- 
gestion. A considerable amount of work is performed by the peptic 
glands under these stimuli, because a great amount of juice is secreted 
with high peptic power. Both phases are known under the name of 
“reflex phase” of gastric secretion. Pavlov (51, ch. 14) gave a physio- 
logical basis for these complicated reactions, supposing that in the cen- 
tral nervous system there exists a “nutritive centre,” which regulates the 
nutritive functions of the body and is analogous to the “respiratory 
centre.” How easily the “reflex phase” of gastric secretion may be 
affected is shown by the following experiments of Strajesko (52) on a 
dog with a Pavlov’s pouch and gastric fistula. Introduction into the 
mouth of a small dose of bitter substance (extract of quassiae, or extrac- 
tum amarum, or tinctura amara) fifteen minutes before the ingestion 
of a meal increased the secretory response of the gastric glands. Large 
doses of bitter substances introduced repeatedly (3 to 4 days) not only 
inhibited the secretion on the days of the experiment but depressed it 
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for two to three weeks thereafter. Analogous results were obtained by 
Egorow in Pavlov’s laboratory (51, ch. 18) with two edible substances. 
If there are formed two conditioned salivary reflexes, one associated 
with the ingestion of meat powder and another with the ingestion of 
sugar, application of the second reflex after trial of the first reflex in- 
hibits this last more or less for almost three days. 

All this shows how great is the importance of conditioned gastric 
reflexes. If the reflex gastric secretion occurs when food does not enter 
the stomach the effort of the stomach is wasted. If the reflex phase of 
gastric secretion is diminished or inhibited the work accomplished by 
the stomach is less than the ingested food requires for its proper 
digestion. The diet which has been most carefully calculated from 
a nutritive point of view, may become a burden for the alimentary canal 
if the reflex gastric phase is diminished or absent. 

ce. Chemical stimuli acting from the surface of the pyloric part of the 
stomach. No one of the chemical compounds in the food, except ethyl 
alcohol, stimulates the gastric glands from the surface of the cardiac 
part, viz., fundus of the stomach (53), (54), (55). 

The following substances coming in contact with the pyloric mucous 
membrane stimulate the gastric secretion. This is the so-called “second 
or chemical phase” of the gastric secretion. The experiments were per- 
formed on dogs in such a way that the first reflex phase and the third 
intestinal phase of gastric secretion were excluded: 


Water (56), (57), sodium chloride solutions (57), (58), (59); extractive sub- 
stances of meat (56), (57), (58), (60); albumoses and peptones (56), (57); soap 
(58); lactic acid and butyric acid (56), (57); acetic acid (58); saliva, pancreatic 
juice and bile (56); sodium bicarbonate (57), (58); glucose (60); extracts from beet, 
carrot and cabbage (61); alcohol (57). Five-tenths per cent hydrochloric acid 
inhibits the gastric secretion when applied to the surface of the pyloric part of 
the stomach (56). 


Gastric juice produced in response to chemical stimuli is not rich in 
pepsin. If the “reflex” gastric juice of a dog digests on the average 5 
to 6 mm. of Mett’s tube, the gastric juice of the “second or chemical 
phase” gives only 3.5 mm. on the average (for literature see Babkin, 
62, p. 144). The same relations were found in man: conditioned reflex 
juice digested 7 mm. of a Mett’s tube; juice produced by Liebig’s meat 
extract introduced directly into the stomach by a tube gave only 2.5 mm. 
(31). 

The possibility of stimulating the gastric secretion from the pylorus 
shows that even in the absence or weakening of reflex gastric secretion 
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the peptic digestion of food may be accomplished. Different substances 
stimulate to different degrees the activity of the peptic glands. Some 
indications concerning this important problem will be given later. 

The poly- and disaccharides do not stimulate the gastric glands at all. 
The monosaccharides (glucose) are very weak stimulants. But the 
presence of starch in food greatly increases the peptic power of the gas- 
tric juice (63). In all probability this effect is due to mechanical stimu- 
lation of the pyloric mucous membrane. Zeljony and Sawitsch (64) 
and Sawitsch (65) demonstrated that purely mechanical irritation of the 
pyloric mucous membrane greatly increases the pepsin content (up to 
9 times) of gastric juice secreted under other stimuli. 

d. Chemical stimuli from the duodenum and small intestine affecting 
the gastric secretion. This is the so-called third or intestinal phase of gas- 
tric secretion. The influence of the intestine on the peptic glands may be 
positive (stimulation of secretion) or negative (inhibition of secretion). 
The gastric secretion provoked by chemical agents acting on the intes- 
tine is not very intense but may be very long continued. On the other 
hand the inhibition of gastric secretion may be very strong (e.g., by 
fat). In the following paragraphs are enumerated the chemical sub- 


stances activating and inhibiting the gastric secretion in dogs from the 
duodenum and small intestine. 


Substances activating the gastric secretion from the intestine: Water (57), (66), 
(67); meat (56), (67); Liebig’s and Herzen’s meat extracts (56), (57), (60), (67); 


products of protein digestion, peptones (38), (67); meat juice (67); MgSO, (68), 
(69); mixed food (3), (67). 


It is possible that several other substances (hydrochloric acid, soap, 
glycerin, spinach extract, some aminoacids, products of protein diges- 
tion, amines, etc.) stimulate the gastric secretion from the small intestine 
also as has been observed by Ivy and Mcllvain (70), and Ivy and Javois 
(71). There is no complete proof however that these substances are 
direct stimulants of the peptic glands (see Babkin, 72). 


Substances inhibiting the gastric secretion from the intestine: Fat (56), (57); 
0.5 per cent hydrochloric acid (56), (73); gastric juice (56); concentrated sodium 
chloride solution (56), (57), (68), (69); 25 per cent cane sugar solution and 25 per 
cent glucose solution (38); sodium bicarbonate (74). 


Chemical stimuli affecting the gastric secretion from large intestine. 
No one substance introduced into the large intestine through the rectum, 
i.e., water (63), (75); Liebig’s meat extract (63); milk, dextrin, pepton 
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(76) ; glucose solutions, sodium chloride solutions, egg yolk, milk, broth, 
gelatine, extract of spices (77), except ethyl alcohol (78), (79), (80), 
(81), (82), (83), (84), (64) stimulates the gastric secretion. 

The introduction of alkali through the rectum inhibits the gastric 
secretion in dogs (85) and in man (86). The last statement is not con- 
firmed by Matsuyama (87) according to whom only duodenal injection 
of alkali, not rectal, inhibits the gastric secretion in man. 

Mechanical and chemical factors affecting the motility of the stomach. 
Since stretching activates the contraction of every smooth muscle, the 
amount of food ingested and its consistency must influence the motility 
of the stomach. But besides the mechanical factors affecting gastric 
contractions the chemical composition of the food masses plays a very 
important part in the motility of the stomach. It has been clearly 
demonstrated by Cannon (88) that different foodstuffs, other factors 
(amount, consistency) being as nearly as possible the same, were dis- 
charged at different rates from the stomach into the intestine. Carbo- 
hydrates begin to leave the stomach very soon and their escape is 
rapid. Fats remain a long time and their discharge into the duodenum 
is slow. The departure of proteins from the stomach is slower at first 
than that of either fats or carbohydrates. Later, the proteins pass out 
more rapidly than fats, but much less so than carbohydrates. Recently 
these data were again confirmed on man by Demuth (89). 

The influence of chemical agents present in the food, or formed from 
it in the course of digestion, as well as the action of the digestive juices 
themselves, form a special problem of natural chemical stimuli of the 
gastro-intestinal motility (90) which cannot be discussed here. 

There is no direct method of measuring the mechanical work done 
by the stomach during digestion of different food-stuffs. The amount 
of work done is usually deducted from the time required for the evacua- 
tion of certain foods into the duodenum. Since the peristaltic waves 
are continuously running whenever food is present in the stomach, and the 
particles of food are moved from one place of the stomach to another or 
into the duodenum, the work done seems to be the greater the longer the 
food remains in the stomach. This is the usual basis for the estimation 
of the “digestibility” of the food. It is usually admitted that the 
shorter the time the food remains in the stomach the more “digestible” 
it is. A sound criticism of this idea is found in some modern medical 
treatises (ef g., Einhorn, 91; Katsch 92). The basis of their criticism 
ts as follows: The chief place for “digestion” is not the stomach but the 
intestine. The estimate of the digestibility of the food is based only 
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on motor activity of the stomach provoked by certain foods, the secre- 
tory activity is usually not taken into account. Perhaps a better plan 
for judging the digestibility of food would be to determine the amount of 
residue left in the alimentary canal (e. g., meats and vegetables) or to 
take into account the physical character of the food (all food must be 
changed into liquid form). 

To these considerations must be added the facts that the strength of 
the contraction of the gastric muscle and the rate at which the peristaltic 
waves pass may be different under different stimuli. The study of the 
action of natural chemical stimuli on the movements of the alimentary 
canal gives evidence of this kind. Therefore a systematic study of the 
motility of the stomach after ingestion of different food stuffs is highly 
desirable. Not only the time of evacuation of a given food must be 
noted, but the rate and number of peristaltic waves and their strength 
(depth) have to be determined. Only then will we have an approximate 
idea of the work done by the muscular elements of the gastric wall. 
At the present time we must be content to deduce our conclusion about 
the muscular work of the stomach from the comparative time of its 
evacuation, always taking into account the possibility of changes in the 
strength and rate of the contractions of the gastric muscles. 

An interesting attempt to systematize the data concerning the “‘di- 
gestibility” of foods from the point of view of dietetics has recently 
been made by Jurgensen (93). He emphasizes the following points: 
1. Size and consistency of food particles (e.g., raw apples and apple 
purée). 2. Preparation of food (choice of proper food material and its 
culinary preparation). 3. Degree of impregnation of foods with fat 
which inhibits the penetration of gastric and other juices into the food 
(“Nichtverfettungsregel”’ of Jurgenson). 4. The properties of the foods 
and the manner in which they are administered (positive and negative 
conditioned reflexes). 

Schade (94) emphasizes the importance of certain physico-chemical 
changes which may be produced by different food substances. Thus 
coffee and tea tend to produce a swelling and solution of proteins. 
(This is the reason for a cup of mocha after a heavy meal.) 

The influence of different food substances on the secretion and motility 
of the stomach in dogs. The course of gastric secretion after the inges- 
tion of different food stuffs has been investigated by several authors on 
dogs with the isolated Pavlov pouch chiefly in Pavlov’s laboratory (for 
review of these papers see Pavlov, 27, and Babkin, 62). The changes 
which food substances undergo in the stomach and the rate of their 
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discharge into the duodenum have been discussed in a series of articles 
published by London and his co-workers in the Zeitschrift f. physiol. 
Chemie beginning with vol. 45, in 1905, and by London (95) (96) in his 
two books on Chymologie. 

In their investigation of the secretory activity of the stomach Pavlov 
and his pupils have chosen as typical natural substances 1, meat (repre- 
sentative of animal proteins); 2, bread (representative of carbohydrates 
and vegetable proteins), and 3, milk (a natural mixture of protein car- 
bohydrate and fat). The course of secretion for each of these substances 
was typical. The greatest amount of gastric juice followed the inges- 
tion of meat, next to this came bread (both substances were given to a 
dog in amounts of 200 grams) and the smallest secretion was observed on 
ingestion of 600 em. of milk. The digestive power was the stronger in 
the “bread” juice than in the “meat” juice and the weakest power was 
found in the “milk” juice. Acidity diminished from the “‘meat’’ juice, 
through the “milk” juice, to the “bread” juice. The length of time of 
secretion, viz., the time of evacuation, was the greatest on administration 
of bread, it was less on ingestion of meat, and the milk left the stomach 
earlier than the two other foods. In discussing the influence of different 
food stuffs on the secretion and motility of the stomach we may com- 
pare their action with the action of these standard meals. 

Different kinds of raw meat. Comparing the experiments with differ- 
ent kinds of meat one must keep in mind two important factors which 
may affect the secretion and the motility of the stomach. (The reflex 
phase of gastric secretion—conditioned and unconditioned reflexes— 
in both cases, of course, must be of the same strength.) These are: the 
amount of extractive substances contained in meat and its fat content. 
Extractives are a positive stimulant of the gastric secretion. In the 
action of fat on the secretory elements of the stomach we must dis- 
criminate between two phases. In the first phase fat inhibits the gas- 
tric secretion and production of pepsin. In the second phase, when 
soap is formed, it stimulates the secretion of gastric juice by its action 
on the surface of the pyloric part of the stomach or the small intestine. 
Besides this fat (presumably in its first phase of action) inhibits the 
movements of the stomach. 

If we compare the amount of juice secreted on ingestion of 100 grams 
lean horse meat with the amount of juice secreted after taking 100 grams 
veal we will find that it is greater in the first case than in the second, 
both the total quantity of enzyme units and the time of evacuation being 
practically the same. This is due to a smaller content of extractive sub- 
stances in veal as compared with horse meat (97). 
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Discussing the influence on gastric digestion of fat mixed with meat 
we must discriminate between animal fat and butter. 

The action of animal fat is seen from a following example. A dog 
secreted on ingestion of 100 grams lean horse meat from a Pavlov’s 
pouch 10.2 ce. of gastric juice with 48 ferment units during 4 hours. 
One hundred grams of lean goose meat provoked a secretion of 15.2 ec. 
of juice with 67 ferment units during 5 hours. One hundred grams of 
fat goose meat gave 22.3 cc. of juice with 62 ferment units during 8 
hours (97). Thus the secretory work performed by the stomach in the 
case of goose meat was much greater than in the case of horse meat. 
When another dog received 200 grams of lean horse meat he secreted 
37.6 ce. of gastric juice with 206 ferment units during 8 hours. Ad- 
mixture of 50 grams of butter with 200 grams of horse meat diminished 
the amount of juice to 30.8 cc., the ferment units falling to 72 and the 
evacuation time rose only a little, viz., to 9 hours. From these data it 
is clear that the admixture of butter with the meat in moderate quanti- 
ties diminishes the work of the stomach, increasing at the same time the 
nutritive value of food. The difference between these two sets of ex- 
periments must be explained by the difference in the properties of animal 
fat and butter (97). The more solid constituents of animal fat and its 
higher melting point are the causes which determine the secretion of 
gastric juice with a higher concentration of pepsin than in the case of 
admixture with butter. 

In the case of larger amounts of the admixture of butter with meat, 
e. g., two-thirds of meat and one-third of butter or in case of administra- 
tion of very fat animal meat the gastric secretion is extremely prolonged 
(12 and more hours instead of 7 to 8 hours with.lean meat) and the second 
phase of the action of fats may be clearly seen. In such cases the se- 
cretion reaches its maximum between the seventh and tenth hours. The 
amount of juice secreted may not differ very much from that of the 
control experiment, but the total number of ferment units is less than in 
the case of lean meat (98), (97). Thus the secretory work of the gas- 
tric glands concerned with the production of pepsin, is decidedly dimin- — 
ished in this case. 

E ff ct of varying the amount of meat ingested on the secretion and evacua- 
tion time of the stomach. Khizhin (99) demonstrated on a dog with 
Pavlov’s pouch, that the amount of gastric juice secreted is proportional 
to the amount of food (raw meat and also mixed food) ingested; the 
length of time of secretion after the ingestion of twice the amount of 
food is increased approximately 1.5 times; the acidity of the juice rises 
and the concentration of pepsin falls with the increase of secretion. 
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Arrhenius (100) using for the most part London’s (95), (96) data 
obtained on dogs with the “‘transpyloric” fistula fed on raw meat estab- 


lished that the amount of juice secreted = K V amount of food ingested 
(K = 36.1). The evacuation time of the stomach is proportional to 
the square root of the amount of food ingested. 

Effect of method of cooking of meat. One must discriminate between 
two chief procedures: roasting and boiling of meat. In the first case 
on the surface of the meat are formed special substances which stimu- 
late the taste apparatus and hence greatly increase the reflex phase of 
gastric secretion. Boiling has a different effect on the meat. If a 
piece of meat is put in boiling water (“Boeuf bouilli’’) the extractive 
substances are retained in such meat as in roasted meat and a relatively 
short time of cooking does not deprive it of its palatable properties. 
Cooking of meat for five to ten hours, putting it at first in cold water, 
greatly impoverishes the meat in extractive substances and increases its 
toughness. 

The effect on gastric secretion of meat prepared in different ways is 
as follows: The time of evacuation from the stomach of 100 grams raw 
meat, roasted meat, ‘“‘boef builli,”” and meat boiled for five hours was 
the same, i.e., seven hours. The total number of ferment units were as 
follows: 276, 346, 411 and 450 although the amounts of gastric juice 
secreted were different: 25.8, 35.1, 39.7 and 33.2 (97). Judging from 
the point of view of the secretory work done by the peptic glands the 
roasted meat is the most economical of the different preparations of 
meat. 

Addition of sodium chloride to meat (5 per cent) increases the amount 
of gastric juice secreted, diminishes its content in enzyme, and diminishes 
the total quantity of ferment units. Analogous relations were observed 
with lean ham (97). Thus an increase of the fluid parts of the juice may 
be obtained without parallel increase of enzyme content in it or even their 
diminution. Such partial stimulation of the work of the stomach may 
be desirable in some cases. 

Milk products. The chief factors which determine the variations in 
the secretion of the gastric juice by consumption of different milk 
products are: amounts of fat and lactic acid in them and their physical 
properties (liquid or solid form). The presence of fat diminishes the 
gastric secretion and the content of enzymes in the juice, and prolongs 
more or less the stay of the food in the stomach (whole milk, cream as 
compared with skim milk). Lactic acid on the other hand stimulates 
the gastric secretion (sour milk, sour cream). The more solid the milk 
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preparation the richer is the juice in enzyme. Cheese provoked a 
long continued secretion with a great total amount of ferment units 
(97). Cold milk as compared with warm decreases to a certain degree 
the amount of gastric secretion and its content in enzyme, and prolongs 
the evacuation time (101). Milk saturated with CO, as well as sterilized 
milk provokes a far greater secretion (twice in the first case, one and one- 
half times in the second) than warm milk (101). There is no doubt that 
carbon dioxide as a stimulant of gastric secretion is responsible for this 
increase. What determines the greater secretory effect of sterilized 
milk is not clear. 

Eggs. The amount of gastric juice secreted for equivalent weights of 
different egg products was the smallest on ingestion of raw egg white and 
was greater with hard boiled egg white, whole raw eggs, hard boiled eggs 
hard boiled egg yolk and greatest of all with raw egg yolk. The con- 
centration of pepsin is less with egg yolk than with egg white, but the 
quantity of ferment units is greater in the first case since egg yolk pro- 
vokes more abundant and prolonged secretion than egg white. The 
evacuation time is most rapid for raw egg white and raw eggs (97). 
An example will illustrate how the work of the stomach may be regu- 
lated. One hundred grams raw egg white were evacuated in four 
hours, provoked a secretion from the Pavlov pouch of 12.4 ce. with 
137 ferment units; 100 grams of hard boiled egg white required for 
evacuation six hours, activated secretion of 18.8 cc. of gastric juice 
with 620 ferment units. If it is desirable to introduce a certain amount of 
protein in the alimentary canal, and save as much as possible the work 
of the gastric glands, raw egg white is preferable to the hard boiled egg 
white. One must not forget that under such conditions the protein 
will be chiefly digested in the small intestine. On this principle is 
based the Jarotzky’s (102) diet in case of ulcer of the stomach. It con- 
sists of raw egg white in the morning and cold butter in the evening. 
Water in moderate amount with addition of sugar is introduced into the 
large intestine by means of enema. 

Fish products. Fish meat and especially fish bouillon and products of 
digestion of fish provoke a strong secretion of gastric juice. This is 
chiefly due to the chemical substances which are contained in fish, be- 
cause a strong secretory effect from fish bouillon and products of digestion 
can be observed even on elimination of the first reflex phase of secretion. 
Fish bouillon produces twice the amount of secretion as meat bouillon. 
Its secretory effect is a little less than the effect of equivalent amount of 
8 per cent Liebig’s meat extract, which is one of the very strong stimu- 
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lants of the gastric secretion. Ingestion of fish in an amount equivalent 
in N. to 100 grams meat provokes a greater and more prolonged secre- 
tion of gastric juice than meat (103). Fish, especially lean fish, is looked 
on as an easily digestible food, and is more rapidly digested than the 
lean meat (104). The softness of cooked fish is probably partly respon- 
sible for this. The more active gastric secretion with fish, however, 
must not be forgotten in connection with its more rapid evacuation from 
the stomach. Salted fish stimulates a much greater secretion of gastric 
juice than fresh fish. The concentration of the enzyme in the juice is 
diminished and hence the quantity of ferment units is less than in 
the juice secreted with the fresh fish: a usual effect of sodium chloride 
(97). Here again using salted or fresh fish we may stimulate one or 
another function of the gastric glands, increasing or diminishing the 
work of different parts of the secretory apparatus. 

Carbohydrate-rich foods. Different kinds of porridge provoke a 
secretion of gastric juice analogous from quantitative and qualitative 
points of view to that produced by an equivalent amount of white bread. 
The secretion is usually prolonged, the juice is rich in pepsin and the 
quantity of ferment is very great. It is interesting to note that boiled 
potatoes (200 grams) stimulate the gastric secretion less (69.1 cc.) 
than the same amount of white bread (81.3); the time of evacuation from 
the stomach of potato is shorter (6 hours) than of the bread (8 hours), 
and the total number of ferment units is much less in the case of potato 
(1480) than in the case of bread (1952) (97). If a mixed diet, contain- 
ing sufficient protein in another form than in bread, is given it is worth 
while to remember that introduction of carbohydrates in the form of 
potato will save the work of the stomach. Rye bread activates a greater 
gastric secretion than the white bread (110), (130). 

Combination of carbohydrates with fat. As we know fat has a twofold 
effect on the gastric secretion, it inhibits it first and then it stimulates 
it. Analogous relations were observed by London (96, p. 70) with 
reference to the motility of the stomach. The evacuation time of the 
stomach for fat is much longer than for protein and carbohydrate. 
Moreover the very slow evacuation in the first hours after fat ingestion 
suddenly increases in the later hours (7 to 10 according to the kind of 
fat employed), and then becomes slower at the end of the evacuation 
period. The probable explanation of this phenomenon is that the 
increased secretion and motility of the stomach in the second phase are 
due to the formation of soap, which activates both processes. 

There is a decided difference between the action of fat in combination 
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with carbohydrates, e.g., bread and in combination with meat. In the 
last case, as we have seen above, the second phase of secretion is well 
pronounced. In the case of carbohydrate and fat (50 per cent) the 
secondary rise of the secretory curve was very moderate or even absent 
unless the amount of fat admixed was extremely great (100 per cent). 

Vegetables. Juice pressed out from different vegetables, boiled juice 
in form of soup and admixture of fresh or boiled vegetable juices with 
other foods greatly increases the secretion of gastric glands (105), 
(106), (107). Leporski discriminates between two groups of vegetables: 
1, strong activators of gastric secretion—juices of cabbage, beet and 
turnip; 2, moderate activators of gastric secretion—juices of carrot, 
cucumber, black radish, radish and salad. Willbrand (108) showed 
that raw onion increases the gastric secretion in dogs. The vegetable 
juices are very strong stimuli for the peptic glands: some of them pro- 
voke a greater secretion even than 5 per cent Liebig’s meat extract 
which is one of the strongest stimuli of the second or chemical phase of 
gastric secretion. The concentration of enzymes in the gastric juice 
obtained under the action of vegetables is less than that produced by 
Liebig’s extract. 

Water, cocoa, etc. Addition of water to the food increases the gastric 
secretion in dogs (74), (20), (122). Cocoa stimulates the greatest gas- 
tric secretion, next comes coffee and the weakest secretion is provoked in 
the dog by tea. ‘The relative secretory effect of these beverages depends 
on the presence of roast products in them (tea is free of them) (109). 

Influence of the physical state of ingested foods. The gastric secretion 
is greatly influenced by the physical form in which a food is ingested. 
The tougher the food (dry or moist) and the larger the size of separate 
pieces of the food (emulsion, powder or large pieces) the more active is 
the secretion of peptic glands (54), (110). This is probably partly due 
to the greater distention of the stomach, since Lim, Ivy and MeCarthy 
(6) have seen that stretching of the stomach with a balloon increases 
the continuous secretion. In addition to this more solid food stimulates 
the secretion of pepsin (64), (65). London (96, p. 52) gives following 
figures for the evacuation from the stomach of a dog of 200 grams raw 
meat given in different forms. At the end of the third hour the stomach 
contained: only 27 per cent of minced meat; 37 per cent of meat givenin 
pieces of 5 grams each; 45 per cent in pieces of 10 grams each and 63 per 
cent in pieces of 40 grams each. 

All these data show that the secretory and motor work of the stomach 
may be diminished or increased at will by administering foods of differ- 
ent consistency and of different sized particles. 
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Alcohol, acetic acid and yeast. This review would not be complete if 
we did not emphasize the extremely powerful action of even weak 
(5 per cent to 10 per cent) solutions of alcohol. Alcohol stimulates the 
secretion of gastric juice with poor content of enzyme which is compen- 
sated for by the great amount of secretion. 

The strong secretory effect of the acetic acid (58) is the cause of the 
great use of vinegar and pickles. 

Yeast, the action of which has recently been investigated by Bikoff 
and Petrova (111) on dogs with Pavlov pouch, proved itself a strong 
activator of gastric secretion. Of different preparations (fresh and 
dried yeast, ‘“Zymin’’) the fresh yeast was the most powerful agent. 
One may agree with the authors that a good secretion of gastric juice 
regulates the whole digestion and may have a beneficial therapeutic 
effect in some diseases. Besides this two to three spoonsful of yeast, 
which contains vitamin B, three times a day is good nourishment. The 
authors recommend that the yeast be taken immediately after a meal, 
since the maximum of the gastric secretion, provoked by it is during the 
first hour. 

Digestive work of the stomach and the caloric value of various food articles 
and of their mixtures. Gordejeff (97) has made an exceedingly interest- 
ing attempt to determine the secretory work of the stomach produced by 
different foods and their mixtures with one and the same caloric value 
(of 300 Cal.) in a dog with Pavlov pouch. 

















AMOUNT | AVERAGE LENGTH 
OF PEPTIC TOTAL OF TIMB 
GASTRIC POWERIN| NUMBER | OF SECRE- 
ARTICLES OF DIET (300 Cat.) JUICE IN MILLI- OF TION, VIZ., 
CUBIC MBTERS FERMENT | EVACUA- 
CENTI- | OF METT’S| UNITS | TION TIME 
METERS TUBE IN HOURS 
ESSE oe errr 4.9 4.3 91 6 
a oell dark ows claus © cispie 0005 6 0 0,0 lo oh 23.3 1.2 34 5 
310 grams horse meat....................... 62.8 1.3 106 8 
125 grams lean cheese....................... 22.2 1.5 50 S 
190 grams hardboiled eggs................... 15.3 3.4 176 6 
ER eee 11.0 1.6 28 6 
50 grams bread plus 215 cc. milk............ 19.0 1.2 27 5 
50 grams bread plus 155 grams meat........ 30.6 1.7 88 6 
50 grams bread plus 63 grams cheese....... 17.1 1.6 44 7 
50 grams bread plus 95 grams eggs......... 11.0 2.9 93 5 
50 grams bread plus 18 grams butter....... 44) 2.9 PY a 6 
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The figures of this table clearly show that various foods and their 
combinations provoke different secretions of the fluid and ferment parts 
of the gastric juice. The amount of juice secreted may vary from 4.4 
to 62.8 cc. (more than 12 times); the total amount of ferment runs from 
27 to 176 (almost 7 times) and the time of evacuation varies from 5 to 
8 hours. One has the impression that by administering various foods he 
is pulling different strings by means of which he may regulate the work 
of the stomach at will. 

The reaction of human stomach to foods. Although the study of the 
course of digestion in man by using different foods is extremely im- 
portant the data obtained are not so precise as those secured in animals. 
Although in many investigations the method of “fractional analysis” 
was employed, the data were sometimes obscured by so-called “con- 
tinuous secretion” which underwent marked variations. It seems that 
the “continuous secretion” may be determined by several causes (72, 
p. 712). The curve of acidity of the gastric contents and the time of 
evacuation of a given food have been chiefly studied. Less attention 
has been paid to the hourly secretion of enzymes. The influence of un- 
conditioned secretory and motor gastric reflexes, positive and negative, 
is much more pronounced in man than in dogs and makes the analysis of 
the action of different foods more difficult. 

Notwithstanding this, valuable data have been obtained by several 
authors. As an example I quote studies recently published of gastric 
response to standard foods by Hawk and his co-workers (112), (113), 
(114), (115), (116), (117), (118), (119), (120) and by others. 

In the following list are given the data concerning the evacuation time 
(first figure) and highest total acidity (second figure) for various articles 
of diet in 100 gram portions (unless otherwise stated) according to Hawk 
and his co-workers (the figures are taken from Hawk and Bergeim’s 
Practical Physiological Chemistry, 9th ed. 1927, pp. 207 and 208, where 
one may find besides the results from the above quoted papers some un- 
published data). Hawk and his co-workers discriminate between two 
types of stomach; rapid and slow emptying; here are given the average - 
data (hours and minutes). The average highest acidity represents the 
number of cubic centimeters of N/10 alkali to neutralize 100 cc. of 
juice. 

Beef and beef products 3.00-120; bread and cereals 2.40-80; cakes 3.00-90; 
chicken 3.15-125; egg and egg combinations 2.40-80; fish 2.50-130; fruits 2.00-90; 


gelatin 2.00-70; guinea hen 4.00-110; ice cream 3.15-105; ices 2.35-65; junket 2.25- 
65; lamb and lamb products 3.00-135; licorice 3.00-65; 400 cc. cow’s milk 2.30-100; 
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75 ec. ditto 1.15-45; nuts (25 to 50 gm.) 3.00 to 4.00-100; orange albumin (2:1) 
2.20-85; pies 2.30-90; popcorn 1.30-60; pork and pork products 3.15-120; puddings 
2.20-90; sugar and candies 2.05-70; turkey 3.30-140; veal ‘‘market’’ 2.50-140; 
veal ‘‘bob’”’ 3.20-110; vegetables prepared in different ways 2.15-75. 


The stimulation of gastric secretion in man by water had been ob- 
served by Bergeim, Rehfuss and Hawk (121), and by Ivy (122). 

The positive secretory effect of extracts of vegetables in man has been 
observed by Leporski (123) and Orlowski (124). Pavlovic (125) did not 
find an increase of gastric secretion on the introduction into the stomach 
of orange, apple and lemon juice. Water, soup and coffee and tea 
stimulate the gastric secretion (125). 

Bickel (127) divides various food articles into two groups: those 
which provoke a weak stimulation of gastric secretion and those which 
are strong stimuli of it. His classification, quoted below, has a certain 
interest from a practical point of view. 


Stimulants of gastric secretions after Bickel 


I. Weak stimulants. 

Beverages: Water; alkaline water without CO,.; tea; cocoa rich in fat; 
whole milk; cream. 

Condiments: Sodium chloride in 0.9 per cent solution. 

Foods: Pure protein, e.g., fluid egg white in the form of solution or sus- 
pension; solutions, viz., suspensions of lactalbumin, casein, glidin, of 
pure carbohydrates such as sugar and starch; fresh white bread; all fats; 
well-boiled meat; ragouts of white meat cooked with fatty unseasoned 
gravy; vegetables parboiled in water and prepared with butter in a form 
of purée, as potato, rice, groats, sago, asparagus, curly cabbage, red 
cabbage, cauliflower, spinach, turnip, carrot, cucumber, etc.; soups pre- 
pared without meat bouillon or meat extracts, but with water, e.g., 
vegetable soup, white bread soup, thin oat gruel, etc.; desserts: whipped 
egg white, whipped cream, cooked rice, groats, maizena, mondanin. 

II. Strong stimulants. 

Beverages: All alcoholic, all carbonated beverages, as e.g., wine, beer, the 
so-called ‘‘table waters,’’ mineral waters with free CO, content, caffein 
containing and caffein free coffee, coffee substitutes from roasted grain 
and roots; cocoa poor in fat; skim milk. 

Condiments: Sodium chloride solutions of all concentrations except 0.9 
per cent; mustard, cinnamon, cloves, pepper, paprica, the so-called 
“‘suppenwurzen.”’ 

Foods: All vegetables and animal roast products and all preparations in 
which they enter; egg yolk; coagulated egg white; meat, raw, roasted and 
cooked for a short length of time expecially raw meat and meat roasted 
only on the surface; among different sorts of meat the dark meat; all 
salted and smoked meats and fish; meat extract and all food articles 
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prepared with the extractive substances of meat, e.g., meat bouillon; 
bread especially rye bread; toasted white bread and all foods which have 
the same contents of protein and starch as the bread; the vegetables 


enumerated in I and all other vegetables if stewed in their own juice and 
not given in a purée form. 


CONCLUSION 


The work of the stomach only has been discussed in this review. But 
it is clear that the same ideas may and must be applied to the whole 
gastro-intestinal tract. Only in such case will the meaning and im- 
portance of the work of different parts of the alimentary canal be clear 
and the codrdination of their activity made possible. Thus, e.g., 
Gantt and Kupalow (131) have seen in dogs with permanent pancreatic 
fistula that ingestion of minced meat activates a smaller pancreatic 
secretion that the same amount of meat given in large pieces. The 
total quantity of enzymes in the pancreatic juice was greater in the 
second than in the first case, and the secretory work of the pancreatic 
gland was correspondingly less in the first than in the second case. 
If the systematic investigation of the problem discussed here be pursued 
there is very little doubt that we shall soon have the power of regulating 
the activity of the alimentary tract in such a way that it will performa 


proper amount of work. This is what the whole body needs and what 
is best for the alimentary canal itself. 
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